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トであるベンゼンは、1825 年に Faraday によって、鯨油を熱分解したときの生成物の
中から発見された。1834 年には Mitscherlich が安息香酸を石炭と乾留することでベン
ゼンを得たが、C6H6 の組成を有し独特な臭いを持つ、この化合物の構造決定に高い関
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 これに対して、2009 年に Maly らは、Pd 触媒によるナフタライン A の三量化反応







可能になってきている。すなわち、2012 年に Pena らは、ベンゾテトラフェンを母骨







 一方、2014 年に Bunz らは、ジブロモテトラセン 8 またはジブロモペンタセン 9 の
Ni 触媒による山本カップリングを利用して、スターフェン 10 および 11 の合成に成
功している (Scheme 3) 3)。X 線結晶構造解析の結果、スターフェン 10 は、一つの軸
に沿って二つの分子同士が互い違いに重なり合ったパッキング構造を有しているこ
とが明らかになっている(Figure 2)。一方、スターフェン 11 は、アセン骨格同士が重
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Figure 2 スターフェン 10 の X 線構造 
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フィルの順番を変えることにより、可溶性ペンタセン 18 及び 19 の相補的な合成に















 上述のビスイソベンゾフラン 13 の反応を参考にして、イソベンゾフラントリマー
12 の前駆体としてトリスエポキシトリナフチレン 20 を設計した。すなわち、エポキ
シナフタレン 22 にテトラジン 14 を作用させると連続的な Diels–Alder 反応と逆 Diels–
Alder 反応によってイソベンゾフラン 25 が効率良く発生するが 5)、これを三つの反応
部位を有するトリナフチレン 20 に展開することで、イソベンゾフラントリマー15 を
発生させることができると期待した。この際、反応条件を適切に設定できれば、同一
分子内からイソベンゾフランを逐次的に発生させることも可能になると考えた。 
 一方、イソベンゾフラントリマー前駆体 20 はビスベンズダイン等価体 21 より逐
次的に発生させたベンザインの[4+2]環付加反応と Pd 触媒を用いたベンザインの三量






の合成を行った。すなわち、レゾルシノール 27 に ICl を作用させ、芳香環の 4 位と 6
位を選択的にヨウ素化した後、2 つの水酸基をトシル化した。次に、ビストシラート
29 の 2 つのトシル基の 1 つを塩基性加水分解の条件で選択的に除去した後、生じる






 次に、ベンザインの三量化反応の前駆体となるエポキシナフタレン 35 の合成を行
った。すなわち、上述のジヨードトシラート 21 とフランの Et2O 溶液に–78 ºC で n-
BuLi を作用させ、ベンザインの[4+2]環付加反応を行った後、TBAF を用いて環付加
体 31 のシリル基を除去した。さらに、32 のフェノール性水酸基をトリメチルシリル
化した後、これに n-BuLi を作用させてシリル基を転位させ、最後に生じる水酸基を





 このようにして合成したシリルトリフラート 35 を用いて Pd 触媒によるアライン
C の三量化反応を試みた。すなわち、シリルトリフラート 35 と 30 mol/%の Pd2(dba)3
の存在下、室温で CsF を作用させたところ、望みの反応は全く進行せずに複雑な混合
物を与えた。Pd 触媒として Pd(PPh3)4 を用いて同様の条件で反応を試みたが、この場











しまったと考えている。これに関連して Lautens らは、エポキシナフタレン 22 の Pd
触媒による環開裂反応を利用したジヒドロナフタレンの合成を報告している 6)。すな











部位を水素化した基質 37 を上述のエポキシナフタレン 22 と同様の反応条件に付し
たところ、三量化反応がきれいに進行し、トリフェニレン 38 が収率 64%で得られた
(Scheme 8)。このように、エポキシナフタレン 35 の三量化よるイソベンゾフラントリ







して、筆者は Fieser らによるアントラセン骨格を持つ化合物 40 を用いたイソベンゾ
フランの熱的発生に注目した(Scheme 8)7, 8)。すなわち、化合物 40 は、エポキシナフ













 このように、シリルトリフラート 44 の三量化によって、イソベンゾフラントリマ
ー前駆体 43 を新たに合成することができれば、これを単に加熱するだけでイソベン








 まず、シリルトリフラート 35 とテトラフェニルシクロペンタジエノン 39 のベン
ゼン溶液を加熱還流したところ、[4+2]環付加反応によって環付加体 44 を収率良く得
ることができた。なお、この環付加反応は完全に立体選択的に進行した。これに関連
して先述の Fieser らによるエポキシナフタレン 22 とテトラフェニルシクロペンタジ
エノン 39 との Diels–Alder 反応はエキソ付加で進行し、環付加体 40 の酸素架橋とカ
ルボニル基とが同じ側を向いた syn 体であると推測されている。1H NMR より syn 体
あるいは anti 体の決定をすることはできないが、反応の遷移状態を考えると、この反
応においても Scheme 9 に示した syn-exo 体 40 が選択的に生成していると考えている。
次に、このようにして合成したシリルトリフラート 44 を先述の Pd 触媒の条件に付し







 この際、三量化体 43 は 2 種類の立体異性体の混合物として得られた。シリルトリ
フラート 44 の立体化学が上述の syn-exo 体であるとして生成物の立体化学を想定す
ると、酸素架橋部位が全て同じ側を向いた化合物 43a と一つの酸素架橋が反対に向い















 このようにして合成した三量化体 43 からのイソベンゾフラントリマー12 の発生を
試みた。まず、捕捉剤のない条件でイソベンゾフラントリマーを直接発生させるため、
43 のトルエン溶液を加熱還流した。TLC による観察では原料の速やかな消費が確認


















流の条件に付したところ、きれいに反応が進行し、三重環付加体 47 を収率 76%で得






 この環付加反応の TLC よる観察では、時間経過とともに一重環付加体 49、二重環
付加体 48、三重環付加体 47 に相当するスポットがそれぞれ確認され、最終的に三重
環付加体 47 のスポットに収束した。そこで、二重環付加体を選択的に得る目的で適
切な反応条件を調べたところ、加熱温度と反応時間を厳密に制御することで、二重環
付加体 48 が優先して得られることが分った(Scheme 14)。すなわち、これまでと同様
に三量化体 43 とナフトキノン 46 のクロロベンゼン溶液を加熱還流し、反応時間を
45 分間で停止すると、一重環付加体 49、二重環付加体 48、三重環付加体 47 がそれ
ぞれ 18%、45%、24%の収率で得られた (entry 4)。この反応では、さらに加熱を続け






49 の立体化学について考察する。これらの化合物は 1H NMR の J 値と化学シフト値
からそれぞれの立体化学を決定している。すなわち、Diels–Alder 反応では反応の様式
として endo 付加と exo 付加の二つがあるが、得られる生成物の立体化学はカルボニ
ル基の α 位の水素とエポキシ架橋部位の水素との間の J 値から決定することができる
（Figure 8）。すなわち、endo 体ではカルボニル基の α 位の水素からエポキシ架橋部
位の水素までの４つの原子がなす二面角が約 30°となるため、Karplus の式 10)より J 値
はおよそ 6 Hz となる。この際、カルボニル基のα水素は経験的に 4 ppm 付近に観測
 23 
される。一方、exo 体ではその二面角が約 90°となるため、J 値は 0 Hz に近づき、ま





 以上に述べたことを踏まえて、まず、三重環付加体 47 の立体化学から説明する。





ii) 紙面の手前に配置される酸素架橋が 3 つある場合、分子中心から見て３時
の方向から時計回りに二つの反応様式（endo 付加, exo 付加）のうち多い方が
連続するように配置する。 
（３）３時の方向の酸素架橋を基準にして、酸素架橋が同じ向きの場合を syn、反対
向きの場合を anti として表記する。 









 そこで、Figure 11 に示したフローチャートに従って立体化学の決定を行った。まず、
三重環付加体 47 の 1H NMR を見ると、そのトリフェニレン部分の芳香環のピークの
数と積分値から、この化合物は 2 種類の立体異性体の混合物であり、主生成物は C1
対称、副生成物は Cs 対称であること、また、その比は 4 : 1 であることが分かる（Figure 
10E）。立体異性体比と分子の対称性は Figure 10D からも確認することができる。次
に 3–4ppm の領域を見ると（Figure 10B）、副生成物のカルボニル基の α 位の水素は、
3.83 (dd, 2H, J1 = 2.0 Hz, J2 = 3.6 Hz)と 3.96 (m, 4H)に観測され、その積分値が 2 : 1 であ
ることから、この分子の対称性を考慮すると、三箇所の反応点すべてで endo 付加が
進行し、さらにエポキシ架橋部位の立体配置が syn-anti となっていることが分かる。



























X : parts per Million : 1H





























































































































































































































































































































































X : parts per Million : 1H











































































































































































































X : parts per Million : 1H

























































































































(B) 3-4 ppm の拡大図 
  
 











 一方、主生成物においてはカルボニル基の α 位の水素は、3.17 (d, 1H, J = 7.5 Hz)、
3.21 (d, 1H, J = 7.5 Hz)と 3.91 (dd, 2H, J1 = 2.0 Hz, J2 = 4.0 Hz)、 3.94 (dd, 2H, J1 = 2.0 Hz, 
J2 = 4.0 Hz)に観測され、その積分値が 1 : 2 であることから、部分構造として一つの
exo 付加部位と二つの endo 付加部位を有した構造であることが分かる。さらに、この
分子は C1 対称であることから Figure 9 の⑤に示した endo-endo-exo/syn-anti 47e であ
ると決定した。なお、endo-endo-exo の立体化学を有する化合物としては、endo-endo-



































































X : parts per Million : 1H







































































































































































X : parts per Million : 1H




























































































































(D) 7-8 ppm の拡大図 
  
(E) 8-8.5 ppm の拡大図 
  
 27 
察により、三重環付加体は、②の endo-endo-endo/syn-anti 47b と⑤の endo-endo-exo/syn-
anti 47e であると構造決定した(Figure 12)。 
 
 
Figure 12 三重環付加反応によって得られた化合物 
 
 この得られた２種類の三重環付加体（ endo-endo-endo/syn-anti 47b : endo-endo 
exo/syn-anti 47e =４：１）のクロロベンゼン溶液を４時間加熱還流したところ、1H NMR
よりとエンド体とエキソ体の相対比が変化し、エンド体が減少しエキソ体が増加した。










 さらに、二重環付加体 48 についても 1H NMR からその立体化学を決定した(Figure 
15)。まず、1H NMR スペクトルから、この化合物は単一の立体異性体であり、endo 付
加部位と exo 付加部位の比が 2:1 であることが分かる。この際、エポキシ架橋の二重
結合とテトラフェニルシクロペンタジエノンが環化付加した部分の水素は、上述のよ





































X : parts per Million : 1H






































































































































































































































































Figure 15 二重環付加体の立体構造 
 この環付加反応の endo/exo 選択性に関連して、二重環付加体 48 を出発物質として
ナフトキノンとの三度目の環付加反応を行ったところ、得られる三重環付加体 47 の
endo/exo 比は、先述の Scheme 14 で示した 3 回の環付加反応を連続的に行った場合の
それと一致し、endo-endo-exo/syn-anti 47e が主生成物として、また、endo-endo-endo/syn-
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X : parts per Million : 1H












































































(B) 3–4 ppm の拡大図 
  






 最後に、一重環付加体の立体化学について説明する。この反応で生成物 49 は、立
体異性体の混合物として得られ（Figure 17）、1H NMR より一つの分子内に存在する
endo 部位と exo 部位の比は 1 : 2 であることが分かる（Figure 16）。上述のように、二
重環付加体 48 は 2 回の endo 付加に基づく立体化学を有していることから、化合物
49 の二つのエキソ部位はエポキシ架橋の二重結合とサイクロンが環化付加した部分
の水素に相当することが分かる。したがって、エポキシ架橋部位の相対的な立体化学












て反応溶液を 50 ºC に加熱すると、脱水・芳香族化がきれいに進行し、芳香族ポリケ



















X : parts per Million : 1H

















































































































































































































































































 次に、二重環付加体 48 を同様の条件に付したところ、この場合にも脱水・芳香族






 さて、このようにして得られるポリケトン 51 は、分子内にイソベンゾフラン発生
部位を有しており、さらなる骨格の伸長が期待できる。そこで、ナフトキノン 44 を
捕捉剤として Diels–Alder 反応を行った後、環付加体 52 を酸性条件で脱水・芳香族化







ポリケトン 53 は、スターフェン型芳香族ポリケトン 50 に比べてアルキル鎖がない
部分でより強固なπスタック構造を形成することが可能なため、集積化しやすい特徴





 一方、ブチル基を導入したナフトキノン 54 を捕捉剤として同様の反応を試みたと
ころ、非対称型芳香族ポリケトン 56 が収率 79%で得られた(Scheme 19)。この場合に









 すなわち、ベンゾキノンを捕捉剤として芳香族ポリケトン 51 との Diels–Alder 反応
で得られる環付加体 57 は、キノン部位にもう一つ反応部位を有しているため、ジエ
ノフィルとしての利用が可能である。そこで、この環付加体 57 と芳香族ポリケトン
58 のクロロベンゼン溶液を 120 ℃で加熱し、酸性で処理すると蝶々型の芳香族ポリ





























持たれる。そこで、6 つのカルボニル基を持つポリケトン 50 を用いて TCNQ 誘導体
の合成を試み、その性質を調べることにした。すなわち、50 のクロロベンゼン溶液に
マロノニトリルと TiCl4、ピリジン共存下、縮合反応を試みた結果、TCNQ 誘導体 61




 合成したポリケトン 50 と TCNQ 誘導体 61 の電気化学特性をサイクリックボルタ
ンメトリー測定（THF, 0.5 M n-Bu4NBF4, 100 mV/s）を用いて調べた(Figure 20, Table 1)。
まず、ポリケトン 50 は可逆な 2 つの還元波を示し、第一還元電位は–1.53 V、第二還
元電位は–2.00 V を示した。一般に、パラ位にキノン構造を持つアントラキノン AQ、
テトラセンキノン TQ やペンタセンキノン PQ は、2 段階で 2 電子の可逆的な還元挙
動を示す。このことを考慮すると、ポリケトン 50 では、まず 3 つのキノン部位の一
つのカルボニル基がそれぞれ同時に還元されトリアニオンラジカルになり、続いて残
りのカルボニル基が同時に還元されることで、トリスジアニオンになったものと考え




























 一方で、TCNQ 誘導体 61 は可逆な１つの還元波で、第一還元電位は–0.94 V を示
し、ポリケトン 50 より 0.59 V もの大幅な高電位シフトが観測された。TCNQ 誘導体














えられる (Figure 21, Scheme 23)。 
  E1red / V E2red/ V 
50 –1.53 –2.00 
AQ –1.55 –2.01 
TQ –1.46 –1.99 
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利用されており、中でもコバルト酸リチウム LiCoO2 が優れた充放電特性(容量は 150 








ば良いことが分かる。ここで n は反応電子数、M は活物質の分子量を g 単位で表した
ものであり、F はファラデー定数である。 











1)において n = 1 に対する M の値を十分に小さくすることが可能であり、カルボニル
























 例えば、2010 年に八尾らは、1,4-ベンゾキノンの 2, 5 位にメトキシ基を有するジメ
トキシベンゾキノンが、先述の 1,4-ベンゾキノンと比べると電解液への溶出が制御さ
れ、性能が向上することを報告している(Scheme 2)3)。初回の充放電容量は、312 mAh/g










子は初回充放電容量として 358 mAh/g を示したことを報告している(Scheme 3)4)。この
容量値は４電子移動した時の理論容量である 501 mAh/g に比べてかなり小さくなっ
ているが、これは電池製作時に電解液に 2-2’-ビス-1,4-ベンゾキノンが溶け出したため







































(PT)が、平均電圧 2.1 V で放電容量が 300 mAh/g を超えることを報告している(Figure 















オン PYT を骨格として、それをポリマー鎖に組み込んだ化合物 PPYT を合成した 6)。
その充放電試験の結果、初回の放電容量は 231 mAh/g を示し、PPYT の理論容量であ
る 262 mAh/g と、ほぼ同程度の値を示した。この結果は、ポリマー鎖にカルボニル化
合物を組み込んだ化合物でもリチウムイオンの移動が阻害されないことを示唆して




































2-4 充放電試験  
 2-3 で述べたシート状の作成法に従い、有機活物質（芳香族ポリケトン 50）、電極
剤（炭素）、結着剤（PVDF）を初期的な検討として 1/7/2 の重量比で混合し電極を作
成した。試験電圧を 1.5–4.2 V に設定し、充放電試験を行ったところ、初回の放電容
量は 83 mAh/g を示した。仮に６電子移動した時の理論容量は 91 mAh/g であること
から、芳香族ポリケトンが正極活物質として機能することが分かった。この芳香族ポ
リケトンの部分構造にあたるテトラセンキノン(TQ)の充放電試験を行ったところ、初
回の放電容量は 160 mAh/g を示した。この値は、2 電子移動した時の TQ の理論容量
の 208 mAh/g よりも 48 mAh/g 低くなった。このような初回放電容量が理論容量を下
回る原因としては、電池作製時の段階で TQ がすでに電解液へと溶け出していること
が考えられる。さらに、これらの電池のサイクル特性を見るために、充放電試験を 15









Figure 4 芳香族ポリケトン 50/炭素/PVDF = 1/7/2、1.5-4.2V 
  
Figure 5 テトラセンキノン/炭素/PVDF = 1/7/2、1.5-4.2V 
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      Table 1 
  
放電容量(mAh/g) 
サンプル 理論容量(mAh/g) 1 サイクル目 15 サイクル目 
50  91  83  59 (71%)a 





（炭素）、結着剤（PVDF）を 1/7/2 の重量比で混合し電極を作成した。試験電圧を 1.5–
4.2 V に設定し、充放電試験を行ったところ、初回の放電容量は 161 mAh/g を示した。
仮に６電子移動した時の理論容量は 91 mAh/g よりも約 1.8 倍高く、約 4 電子多く電
子移動が関与したことが分った。一方、テトラセンキノンの充放電試験の場合、初回





芳香族ポリケトン 50 の充放電試験を 100 サイクル行った後の放電容量は 127 mAh/g
は初回の 79%であった。また、テトラセンキノンの場合、充放電試験を 100 サイクル




Figure 6 芳香族ポリケトン 50/炭素/PVDF = 1/7/2、1.5-4.2V 
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Figure 7 テトラセンキノン/炭素/PVDF = 1/7/2、1.5-4.2V 
 
      Table 2 
  
放電容量(mAh/g) 
サンプル 理論容量(mAh/g) 1 サイクル目 100 サイクル目 
50  91 161 127 (79%)a 
TQ 208 197 145 (74%)a 
a 初回放電容量との比、   
 
2-5 集積挙動の解明 




族ポリケトン 50 の分子集積挙動に関して 1H NMR スペクトル測定により調査するこ
ととした。 
 すなわち、芳香族ポリケトン 50 を重クロロホルム中、50 °C において濃度を変化さ
せながら 1H NMR 測定を行った (Table 3, Figure 8)。その結果、芳香族領域の三本のシ
ングレット全てにおいて濃度の減少に伴って低磁場シフトする様子が観測された。こ
のような濃度に依存した化学シフト値の変化は、溶液中における分子集積挙動によっ








        Table 3 
  Ha (ppm) Hb (ppm) Hc (ppm) 
2.2×10–2 M 7.72 7.79 7.96 
1.1×10–2 M 7.78 7.83 8.04 
5.6×10–3 M 7.91 7.85 8.11 
2.8×10–3 M 8.02 7.89 8.18 
1.4×10–3 M 8.12 7.91 8.25 
7.0×10–4 M 8.24 7.95 8.34 
 
 
Figure 8. 芳香族ポリケトン 50 の 1H NMR スペクトルにおける濃度依存性 
 
 この結果は芳香族ポリケトン 50 がこの濃度範囲において集積体を形成しているこ






 本章では芳香族ポリケトン 50 のリチウム二次電池の正極活物質としての機能の検
討について述べた。充放電試験により求められた芳香族ポリケトン 50（理論容量 91 
mAh/g）の容量値は電極の形状に依存して変化し、シート状の場合 83 mAh/g で理論容
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リチオフェン 1 が電子輸送材料として利用されている 1)。ここで重要なことは、キノ













ルム溶媒中 656 nm である。これは、ドナー基としてフェニル基を持つイソベンゾフ























階の酸化過程を含む可逆的な挙動を示し、第一酸化電位は E1ox = +0.09 V、第二酸化電
位は E2ox = +0.29 V である(Scheme 2)。高い電子供与性を示すテトラチアフルバレンの

































































 先述の通り、当研究室ではイソベンゾフランの 1 および 3 位に様々な芳香族置換
基やアルキニル基を有する置換誘導体の合成に成功している。本節では、Scheme 3
の合成法を基盤として、A––A 型および D––D 型イソベンゾヘテロールの合成を
試みた。さらに、これらの誘導体として水溶性イソベンゾヘテロールへの検討も行







Figure 4   
 
 これに関連して、1996 年、Trull らは第四級アンモニウム塩構造を有する水溶性ジ
アリールイソベンゾフランが、水中で一重項酸素の捕捉剤として利用可能であるこ
とを報告している(Scheme 5)6)。その合成法は次の通りである。すなわち、市販の 1,3











ベンゾフラン 30 はアセトニトリル溶媒中、発光波長は 452 nm で、その量子収率は
98%を示す 2)。この分子は定量的に一重項酸素と[4+2]型の環付加反応し、不安定な
エンドパーオキサイド中間体 31 を与える。これは、室温下、速やかにπ結合が切断













量子収率 39%）を示すイソベンゾフラン 34 が、一重項酸素と[4+2]環付加反応し、
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項酸素の捕捉剤として利用できる。例えば 1981 年、Aubry らはテトラセン骨格に 4








などのデバイスとして、活用することもできる。例えば、Miller らは 2013 年にペン
タセン骨格にカルボン酸カリウム塩を導入した化合物 WSP4 が水に溶けやすく、有
機薄膜デバイスの機能性材料としての展開を検討している(Figure 7) 10)。 
 
            








3-2-1 D––D 型イソベンゾヘテロール 











の THF 溶液に–40 ºC でジメチルアミノ基を持つ Grignard 反応剤を作用させた後、TFA
で処理すると、イソベンゾフラン 18 が収率 63%で得られた(Scheme 9)。このものは







 このイソベンゾフラン 18 を用いて、イソベンゾチオフェン 19 へと誘導すること
もできた。すなわち、18 のトルエン溶液にローソン試薬を作用させ、80 ºC に加熱し
たところ、イソベンゾチオフェン 19 を収率 47%で誘導することができた。さらにこ
のイソベンゾチオフェン 19 は、酸化度の異なるヒドロキシケトン 39 やジケトン 40
からでも誘導できることが分かった。すなわち、オルトホルミル安息香酸メチルの
THF 溶液に–40 ºC でジメチルアミノ基を持つ Grignard 反応剤を作用させた後、飽和
塩化アンモニウム水溶液で処理すると、ヒドロキシケトン 39 が得られた。次に、39
を TPAP と NMO により水酸基をカルボニル基へと酸化し、ジケトン 40 へ誘導した。
このように合成したヒドロキシケトン 39 やジケトン 40 に対してローソン試薬を作












 一方、18 のトルエン溶液中 100 ºC でウーリンス試薬を作用させたところ、イソベ





 このように合成した D––D 型のイソベンゾヘテロールを用い、アセトニトリル溶
媒中で、吸収と蛍光スペクトルを測定した。その結果、イソベンゾフラン 18 の極大
吸収波長は 459 nm、蛍光波長は 573 nm で、蛍光量子収率は 76%を示した。一方で、
イソベンゾチオフェン 19 とイソベンゾセレノフェン 20 はイソベンゾフランに比べ
て極大吸収波長はブルーシフトした。これらの極大蛍光波長は、592 nm と 605 nm で
あり、イソベンゾフランに比べて Stokes シフトしていることが分かった。これらの中
で、イソベンゾセレノフェンが蛍光量子収率 88%と一番高かった(Table 1, Figure 8,9)。 
 
Table 1 各種測定の結果（25 ºC, MeCN） 
isobenzoheterol λabs/nm λem/nm1 ΦF2 
18 459 573 0.76 
19 434 592 0.88 
20 448 605 0.34 
1Excited at the longest absorption maxima (c 2.0×10–5 M). 2Absolute Photoluminescence quantum yields 


























イソベンゾフラン 24 を水中で、極大吸収波長は 412 nm、極大蛍光波長は 476 nm で
あり、蛍光量子収率は 91%を示した。一方で、イソベンゾチオフェン 25 やイソベン
ゾセレノフェン 26 は、イソベンゾフランに比べて極大吸収波長はブルーシフトし、
一方、極大蛍光波長はレッドシフトしたことがわかる。また、蛍光量子収率はそれぞ
れ 46%と 9%を示し、低下したことが分かった(Table 2, Figure 8,9)。 
 
Table 2 各種測定の結果（25 ºC, H2O） 
isobenzoheterol λabs/nm λem/nm1 ΦF2 
24 412 476 0.91 
25 395 484 0.46 
26 408 510 0.09 
1Excited at the longest absorption maxima (c 2.0×10–5 M). 2Absolute Photoluminescence quantum yields 














3-2-2 A––A 型イソベンゾヘテロール 
 3-2-1 で述べたように、この合成法を用いれば D––D 型のイソベンゾヘテロールを
合成できることが分かった。次に、A––A 型のイソベンゾヘテロールとしてカルボン
酸塩を導入した基質の合成を試みた。すなわち、8 にブロモ基を持つ Grignard 反応剤
41 を作用させたところ、ジブロモジフェニルイソベンゾフラン 42 を得られた。これ
の THF 溶液に、–78 ºC で n-BuLi を作用させ、ドライアイスを加えたところ、カルボ
ン酸 21 が得られた。一方、ジブロモジフェニルイソベンゾフラン 42 にローソン試薬
を作用させたところ、イソベンゾチオフェン 43 を得ることができた。なお、出発物
質としてジケトン 44 は、ローソン試薬を用いるとイソベンゾチオフェンへと誘導で
きたが、ヒドロキシケトン 45 からは誘導できなかった(Scheme 13)。 
 
 
 Scheme 13 
 








 このように合成した A––A 型のイソベンゾヘテロールをアセトニトリル溶媒中で、
吸収と蛍光スペクトルを測定した。その結果、A––A 型のイソベンゾフラン 21 とイ
ソベンゾチオフェン 22 の極大吸収波長は、それぞれ 451 nm と 412 nm であった。
また、発光スペクトルの極大吸収波長に有為な差は見られなかった。一方、イソベン
ゾフランは、イソベンゾチオフェンに比べて蛍光量子収率は 98%と非常に高い値を示
した(Table 3, Figure 12,13)。 
 
Table 3 各種測定の結果（25 ºC, MeCN） 
isobenzoheterol λabs/nm λem/nm1 ΦF2 
21 451 503 0.98 
22 412 501 0.73 
1Excited at the longest absorption maxima (c 2.0×10–5 M). 2Absolute Photoluminescence quantum yields 

















ン 27 は、水中で蛍光量子収率は 83%を示した。一方で、イソベンゾチオフェン 28
は、蛍光量子収率 54%であり、イソベンゾフランに比べて蛍光量子収率は低くなった。
また、吸収スペクトルの極大吸収波長はそれぞれ 429 nm と 407 nm を示し、蛍光スペ





Table 4 各種測定の結果（25 ºC, H2O） 
1Excited at the longest absorption maxima (c 2.0×10–5 M). 2Absolute Photoluminescence quantum yields 







 λabs/nm λem/nm1 ΦF2 
27 429 501 0.83 
















































 この条件を満たす色素として Gratzel らはピリジン系の配位子が配位したルテニ























3-3-1 D––A 型イソベンゾヘテロール 
 先述したようにジアリールイソベンゾフランのワンポット合成法を利用して、A–
–A 型と D––D 型のイソベンゾヘテロールを合成することができた。同様の合成法
を用いて、D-π-A 型イソベンゾヘテロールの合成を試みた。ここで改めて、イソベン
ゾフランのワンポット合成のスキームを見直した。この反応では、オルトホルミル安
息香酸エステル 8 に対して、1 当量の Grignard 試薬を作用させ、さらにもう 1 当量の
Grignard 試薬またはリチウム反応剤を順次作用させた後、酸性条件下で処理すること





























調製したトリフェニルアミノ基を持つ Grignard 反応剤 49 を THF 溶媒中–40 ºC で作
用させ、0 ºC まで昇温させた。次に、パラブロモベンゾニトリルの THF 溶液に nBuLi
を作用させて別途調製したパラシアノフェニルリチウム 50 に、反応混合物を加え 0 
ºC まで昇温させた。最後に、トリフルオロ酸無水物を作用させると、脱水・芳香族












 すなわち、オルトホルミル安息香酸エステル 8 に対して、別途調製したトリフェ







 このようにラクトン 52 を合成することができたので、先述の反応条件と同じよう









 次に、イソベンゾフラン 51 からイソベンゾチオフェン 54 への変換を試みた。す
なわち、酸素雰囲気下で過剰量の Lawesson 試薬を作用させると目的物 54 が収率よ
く得られた。このように単純な反応であるにも関わらず、反応機構は明らかにされ
ていない。想定される反応機構として、イソベンゾフランが酸素酸化によりジケト







 前節で述べたように D––D 型と A––A 型のイソベンゾチオフェンを合成する際
に、ジケトン 55 とヒドロキシケトン 53 からでも同じ生成物を与えた。この D––A
型分子にも適用できるかどうかを調べることにした。すなわち、ラクトン 52 に対し
てパラシアノフェニルリチウムを作用させ、一度、粗成生物としてヒドロキシケト
















 その結果、ヒドロキシケトン 55 とジケトン 56 の場合、イソベンゾセレノフェン






 そこで出発物質としてイソベンゾフラン 58 を用いて、ウーリンス試薬を作用させ
たところ、期待した通りイソベンゾセノフェン 57 を 23%で得ることができた
(Scheme 24)。TLC による観測では、反応途中に先ほどの出発物質であるヒドロキシ

















 このようにして合成した一連の D––A 型イソベンゾフラン 51、イソベンゾチオフ
ェン 54 およびイソベンゾセレノフェン 61 の各種測定を行った。まず、クロロホルム
溶媒中の紫外可視吸収スペクトル測定を行ったところ、極大吸収波長はそれぞれ 474 
nm、440 nm、452 nm を示し、有機色素分子であることが分かった。さらにサイクリ
ックボルタンメトリー測定を行った結果、一段階の酸化過程を含む可逆的な挙動を示
し、第一酸化電位 Epa は、フェロセン基準でそれぞれ 0.10 eV、0.35 eV、0.33 eV を示
した。これらの測定結果をもとに、HOMO 準位を見積もったところ、HOMO の準位
はそれぞれ–4.90 eV、–5.15 eV、–5.13 eV となり、これらの中でイソベンゾフラン 51
が最も酸化されやすいことが分かった。また、イソベンゾチオフェン 54 とイソベン

















② Ti-Nanoxide (HT/SP を一回、T/SP を二回と D/SP を二回)印刷 
③ 電気炉で一次焼成（500 ºC, 30 min） 
④ 0.1 M TiCl4 水溶液に浸す（70 ºC, 30 min） 
⑤ Ti-Nanoxide R/SP を一回印刷 











 まず、N719 をアセトニトリルと t-ブタノールを 1:1 の 5.0×10-4 M の溶液に溶か











































 Figure 7 に示したように N719 を測定した結果、サンプル２（短絡電流密度 Jsc = 15.38 

















































えば、イソベンゾセレノフェン 70 は短絡電流密度 Jsc = 12.99 mA/cm–2、開放電圧 Voc 
= 0.67、曲線因子 FF = 0.71、光電変換効率 6.18%を示し、D––A 型イソベンゾヘテ
ロールの中で一番良い性能を示した。さらに、チオフェン 70 とイソベンゾチオフェ














 また、これら一連の D––A 型イソベンゾヘテロールの HOMO と LUMO の準位を
紫外可視吸収スペクトル測定とサイクリックボルタンメトリー測定より見積もった
(Table 4)。まず、化合物 123 のクロロホルム溶媒中での紫外可視吸収スペクトル測定
を行った結果、極大吸収波長はそれぞれ 521 nm、476 nm、495 nm を示した。これは、
ドナー基としてシアノ基を持つ色素分子と比較すると、それぞれ約 40 nm 長波長シフ
トした。これは、カルボキシ基を導入したことによる電荷分離状態の寄与が増大され
たものと示唆される。次に、サイクリックボルタンメトリー測定を行った結果、第一




































































基質 78 では短絡電流密度 Jsc = 12.05 mA/cm–2、開放電圧 Voc = 0.68、曲線因子 FF = 


































































った。特に、ドナーとπスペーサーに導入した分子 80 や 84 は、無置換体のものと比
べて、約 30 nm も長波長シフトした。一方、吸収端は有為な差は見られなかった。ま
た、サイクリックボルタンメトリー測定と紫外可視吸収スペクトルより見積もった









キシル基を導入した基質 84 が、短絡電流密度 Jsc = 13.30 mA/cm–2、開放電圧 Voc = 
0.71、曲線因子 FF = 0.67、光電変換効率 6.28%を示した。これは、アルキル基を導入
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General Experimental Procedures 
   All experiments dealing with air- and moisture-sensitive compounds were conducted 
under an atmosphere of dry argon. THF, toluene and chlorobenzene (anhydrous; Wako Pure 
Chemical Industries, Ltd.) and was used as received.  
   For thin-layer chromatography (TLC) analysis, Merck pre-coated plates (silica gel 60 F254, 
Art 5715, 0.25 mm) were used. For flash column chromatography, silica gel 60 N (spherical, 
neutral, 63–210 μm) from Kanto Chemical was used. Silica gel preparative TLC (PTLC) was 
performed on Merck silica gel 60 PF254 (Art 7749). 
1H NMR and 13C NMR were measured on a JEOL JNM ECA-300, JEOL JNM ECA-400 
and a JEOL JNM ECX-500II spectrometer. Attenuated Total Reflectance Fourier 
Transformation Infrared (ATR-FTIR) spectra were recorded on a JASCO FT/IR-4200 
infrared spectrometer. Photoluminescence spectra were recorded on a JASCO FP-8500 
spectrofluorometer. Absolute PL quantum yields were recorded on a Hamamatsu Photonics 
Quantaurus-QY. UV-VIS spectra were recorded on a JASCO V-630 spectrophotometer. High 
resolution mass spectra were obtained with a JEOL The AccuTOF LC-plus JMS-T100LP, 
JEOL MALDI-TOFMS and Bruker micrOTOF. Melting points (Mp) were measured on an 

























Scheme 4. Preparation of diiodotosylate 21 
 
Synthesis of diiodotosylate 21: 
To a solution of resorcinol 27 (15.4 g, 140 mmol) in Et2O (200 mL) was added iodine 
monochloride (50.0 g, 308 mmol) at 0 ºC. After warming up to room temperature for 2 h, the 
reaction was quenched with sodium sulfite aq. at 0 ºC. The products were extracted with 
EtOAc (X3), and the combined organic extracts were washed with sat. aq. NaHCO3 and 
brine, and dried (Na2SO4). After the solvents were removed under reduced pressure to give 
the crude product 28 (50.7 g, quant.). 
To a solution of 4,6-diiodoresorcinol 28 (20.2 g, 55.8 mmol) in acetone (140 mL) was added 
tosylchloride (23.4 g, 123 mmol) and K2CO3 (27.0 g, 195 mmol) at room temperature. After 
20 h, the reaction mixture was poured into water. The resulting suspension was filtered under 
vacuum. The solid was washed with water and hexane (0 °C) to give bistosylate 29 (37.2 g).  
To a solution of 29 (37.2 g) in 1,4-dioxane (200 mL) was added 3 M NaOH aq. (45 mL, 135 
mmol) at room temperature. After 28 h, the reaction was quenched with 2 M HCl aq. The 
products were extracted with EtOAc (X3), and the combined organic extracts were washed 
with sat. aq. NaHCO3 and brine, and dried (Na2SO4). After the solvents were removed under 
reduced pressure to give the crude product 30 (32.5 g). 
To a solution of 30 (32.5 g) in DMF (50 mL) were added TBDMSCl (10.0 g, 66.3 mol) and 
imidazole (5.71 g, 83.9 mmol) at room temperature. After 35 min, the reaction was quenched 
with sat. aq. NaHCO3.   The products were extracted with EtOAc (X3), and the combined 
organic extracts were washed with brine, dried (Na2SO4). After the solvents were removed 
under reduced pressure, the residue was purified by silica-gel flash column chromatography 
(hexane/EtOAc = 96/4) to give diiodotosylate 21 (29.1 g, 82.8%, 3 steps) as white solids. 




1H NMR (CDCl3, 300 MHz) 2.48 (s, 6H), 7.25 (s, 1H), 7.37 (d, 4H, J = 8.6 Hz), 7.81 (d, 4H, 
J = 8.6 Hz), 8.13 (s, 1H); 
13C NMR (CDCl3, 75 MHz) 21.8, 89.0, 117.2, 128.9, 130.1, 132.2, 146.3, 148.5, 150.6; 
IR (ATR) 3080, 1594, 1449, 1374, 1361, 1344, 1191, 1173, 1136, 1090, 1041, 975, 895, 822, 
812, 751, 721, 704 cm–1; 







1H NMR (CDCl3, 300 MHz) 0.27 (s, 6H), 1.04 (s, 9H), 2.45 (s, 3H), 6.86 (s, 1H), 7.33 (d, 2H, 
J = 7.9 Hz), 7.78 (d, 2H, J = 7.9 Hz), 8.05 (s, 1H); 
13C NMR (CDCl3, 75 MHz) –4.3, 18.3, 21.8, 25.7, 79.9, 89.3, 112.9, 128.8, 129.9, 132.5, 
145.9, 147.6, 150.5, 156.3; 
IR (ATR) 2959, 2928, 2882, 2857, 1571, 1459, 1379, 1362, 1276, 1255, 1194, 1180, 1153, 
1092, 1039, 1000, 853, 838, 803, 786, 763, 711, 703 cm–1; 
HRMS (ESI) m/z calcd for C19H24I2O4SSiNa [M+Na]+ 652.9152, found 652.9141.    
 
Scheme 5. Preparation of 35 
 
Synthesis of silyltriflate 35: 
To a mixture of 21 (4.07 g, 6.46 mmol) and furan (2.10 mL, 29.0 mmol) in Et2O (25 mL) was 
added n-BuLi (1.65 M in hexane, 4.00 mL, 6.60 mmol) at –78 °C. After warming up to room 
temperature, the reaction was quenched with water. The products were extracted with EtOAc 
(X3), and the combined organic extracts were washed with brine, dried (Na2SO4). After the 
solvents were removed under reduced pressure to give the crude product 31 (2.69 g, quant.).  
To a solution of 31 (2.69 g) in THF (15 mL) was added TBAF (1.0 M in THF, 7.20 mL, 7.20 
mmol) at 0 °C. After 30 min, the reaction was quenched with water. The products were 
extracted with EtOAc (X3), and the combined organic extracts were washed with brine, dried 
(Na2SO4). After the solvents were removed under reduced pressure, the residue was purified by 
silica-gel flash column chromatography (hexane/EtOAc = 7/3) to give iodophenol 32 (1.34 g, 
72.3%, 2 steps) as white solids.  
A solution of 32 (1.22 g, 4.26 mol) in HMDS (7.0 mL) was stirred at 110 °C for 1.5 h. After 
cooled to room temperature, the solvent was removed under reduced pressure to give the 
crude product 33.  
To a solution of crude product 33 in THF (15.0 mL) was added n-BuLi (1.65 M in hexane, 
3.10 mL, 5.12 mmol) at –78 °C. After 30 min, the reaction was quenched with water. The 
products were extracted with EtOAc (X3), and the combined organic extracts were washed 
with brine, abd dried (Na2SO4). After the solvents were removed under reduced pressure to 
give the crude product 34.  
To a solution of 34 and N,N-diisopropylethylamine (1.50 mL, 8.76 mol) in CH2Cl2 (15.0 mL) 
was added trifluoromethanesulfonic anhydride (0.90 mg, 5.35 mmol) at –78 C. After 25 min, 
the reaction was quenched with 1 M HCl aq. The products were extracted with EtOAc (X3), 
and the combined organic extracts were washed with sat. aq. NaHCO3 and brine, dried 
(Na2SO4). After the solvents were removed under reduced pressure, the residue was purified 
by silica-gel flash column chromatography (hexane/acetone = 92/8) to give silyltriflate 35 








1H NMR (CDCl3, 500 MHz) 5.23 (s, 1H), 5.63–5.65 (m, 2H), 6.97 (s, 1H), 6.98–6.99 (m, 
2H), 7.45 (s, 1H); 
13C NMR (CDCl3, 125 MHz) 79.1, 81.5, 82.1, 109.4, 128.9, 142.2, 142.5, 143.1, 152.2, 
152.3; 
IR (ATR) 3267, 3011, 1686, 1616, 1583, 1447, 1397, 1354, 1281, 1235, 1195, 1092, 1026, 
985, 952, 868, 846, 742 cm–1; 
HRMS (DART) m/z calcd for C10H8IO2 [M+H]+ 286.9569, found 286.9562. 




1H NMR (acetone-d6, 300 MHz) 0.36 (s, 9H), 5.80 (s, 1H), 5.85 (s, 1H), 7.07–7.12 (m, 2H), 
7.37 (s, 1H), 7.51 (s, 1H); 
13C NMR (acetone-d6, 75 MHz) –0.7, 82.6, 82.9, 113.9, 119.3 (q, J = 318.9 Hz), 127.0, 128.5, 
143.6, 144.2, 150.4, 153.1, 156.2; 
IR (ATR) 3019, 2957, 1584, 1445, 1416, 1375, 1315, 1281, 1249, 1237, 1208, 1140, 1122, 
1101, 1002, 961, 870, 844, 822, 763, 719 cm–1; 
HRMS (DART) m/z calcd for C14H16F3O4SSi [M+H]+ 365.0491, found 365.0503. 
 
Scheme 7. Preparation of triphenylene 37 
 
Synthesis of triphenylene 38:  
A suspension of silyltriflate 35 (360 mg, 0.989 mmol) and 10% Pd/C (96.3 mg, 0.965 mmol) 
in EtOAc (3.0 mL) was stirred under H2 at room temperature for 24 h. After changing the 
atmosphere to Ar, the mixture was filtered through a Celite pad, which was washed with 
EtOAc. After the solvents were removed under reduced pressure, the crude product was 
purified by silica-gel flash column chromatography (hexane/acetone = 8/2) to give silyltriflate 
37 (319 mg, 88.1%). 
To a mixture of CsF (323 mg, 2.12 mmol) and Pd2(dba) 3•CHCl3 (30.5 mg, 0.0295 mmol) in 
CH3CN (3.0 mL) was added silyltriflate 37 (216 mg, 0.590 mmol) at room temperature. After 
24 h, the mixture was filtered through a Celite pad, which was washed with EtOAc. The 
filtrate was concentrated in vacuo. The residue was purified by PTLC (hexane/EtOAc = 5/5) 
to give triphenylene 38 (54.3 mg, 63.8%) as white solids. 
 
 
silyltriflate 37  
1H NMR (CDCl3, 300 MHz) 0.36 (s, 9H), 1.37–1.40 (m, 2H), 2.05–2.08 (m, 2H), 5.39 (s, 








13C NMR (CDCl3, 75 MHz) –0.9, 26.0, 26.1, 78.4, 78.7, 110.9, 118.4 (q, J = 320.1 Hz), 
125.5, 130.1, 144.7, 149.5, 153.6; 
IR (ATR) 2956, 2901, 2873, 1615, 1577, 1417, 1327, 1275, 1252, 1240, 1208, 1138, 1104, 
1030, 994, 949, 897, 841, 761 cm–1; 
HRMS (DART) m/z calcd for C14H18F3O4SSi [M+H]+ 367.0647, found 367.0660. 
 
 
triphenylene 38 (dr 6.0:1) 
# the underlined data corresponds to the minor isomer’s 
1H NMR (CDCl3, 500 MHz) 1.48–1.56 (m, 6H+6H), 2.18–2.19 (m, 6H+6H), 5.62–5.63 (m, 
6H+6H), 8.38 (s, 6H), 8.45–8.47 (m, 6H); 
13C NMR (CDCl3, 125 MHz) 27.2, 79.16, 79.21, 112.9, 112.96, 113.05, 113.09, 128.72, 
128.82, 128.88, 128.92, 144.51, 144.60, 144.63, 144.65;  
IR (ATR) 3018, 2952, 1400, 1153, 1653, 1558, 1521, 1473, 1419, 1246, 1285, 1215, 1109, 
985, 908, 872, 851, 752 cm–1; 
HRMS (MALDI) m/z calcd for C30H24O3 [M]+ 432.1725, found 432.1703. 
 
Scheme 9. Preparation of triphenylene 43 
 
Synthesis of triphenylene 43: 
A solution of silyltriflate 35 (218 mg, 0.598 mmol) and tetraphenylcyclopentadienone (235 
mg, 0.611 mmol) in benzene (7.0 mL) was heated at 80 ºC. After 12 h, the mixture was 
cooled to room temperature, and concentrated in vacuo. The residue was purified by silica-gel 
flash column chromatography (hexane/acetone = 9/1→8/2) to give silyltriflate 44 (408 mg, 
91.2%) as white solids.  
To a mixture of CsF (134 mg, 0.882 mmol) and Pd2(dba) 3•CHCl3 (16.1 mg, 0.016 mmol) in 
CH3CN (12 mL) was added silyltriflate 44 (200 mg, 0.267 mmol) at room temperature. After 
24 h, the mixture was filtered through a Celite pad, which was washed with EtOAc. After the 
solvents were removed under reduced pressure, the residue was purified by silica-gel flash 
column chromatography (hexane/acetone = 7/3→5/5) to give triphenylene 43 (101 mg, 








1H NMR (CDCl3, 300 MHz) 0.40 (s, 9H), 3.10 (s, 1H), 3.10 (s, 1H), 5.81 (s, 1H), 5.83 (s, 1H) 
6.85–7.02 (m, 10H), 7.27–7.44 (m, 11H), 7.54 (s, 1H); 
13C NMR (CDCl3, 75 MHz) –0.8, 46.2, 46.4, 64.17, 64.20, 80.7, 81.1, 111.3, 116.3, 118.7 (q, 
J = 319.4 Hz), 125.9, 126.8, 127.42, 127.47, 127.53, 128.28, 128.33, 129.46, 129.50, 129.8, 
131.3, 134.86, 134.94, 135.0, 135.2, 138.5, 145.6, 150.2, 153.8, 196.3; 
IR (ATR) 3058, 2954, 1775, 1604, 1575, 1497, 1445, 1417, 1382, 1321, 1291, 1242, 1212, 
1139, 1107, 1075, 1027, 982, 939, 908, 878, 841, 768, 733 cm–1; 
HRMS (ESI) m/z calcd for C43H35F3O5SSiNa [M+Na]+ 771.1824, found 771.1824. 
 
triphenylene 43 
1H NMR (CD2Cl2, 300 MHz) 3.34 (s, 2H), 3.35 (s, 4H), 6.16 (s, 4H), 6.17 (s, 2H), 7.05 (m, 
30H), 7.35–7.63 (m, 30H), 8.89 (s, 6H); 
13C NMR (CD2Cl2, 75 MHz) 29.8, 47.1, 64.7, 81.7, 114.0, 114.1, 127.0, 127.7, 128.4, 129.58, 
129.62, 129.9, 130.0, 135.4, 135.5, 138.84, 138.87, 138.93, 145.9, 196.7; 
IR (ATR) 3059, 3033, 2923, 2852, 1777, 1604, 1497, 1444, 1344, 1231, 1184, 1158, 1073, 
1025, 983, 954, 921, 910, 857, 841, 820, 789, 771, 746 cm–1; 
HRMS (ESI) m/z calcd for C117H78O6Na [M+Na]+ 1601.5696, found 1601.5671. 
 
Scheme 13. Preparation of trinaphthylene 47 
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Synthesis of trinaphthylene 47: 
To a mixture of 51 (21.3 mg, 0.0135 mmol) and naphtoquinone 46 (30.1 mg, 0.0608 mmol) in 
chlorobenzene (3.0 mL) was stirred at reflux. After 4 h, the mixture was cooled to room 
temperture, and concentrated in vacuo. The residue was purified by PTLC (hexane/Acetone  = 
8/2) to give triphenylene 47 (17.4 mg, 70.4%, ds. 2.0:1) as orange solids. 
 
 
triphenylene 47b (including 47d) 
# the underlined data corresponds to the minor isomer’s 
1H NMR (CD2Cl2, 400 MHz) 0.62–1.44 (m, 134H+136H), 1.63–1.68 (m, 4H+2H), 1.86–2.14 
(m, 8H+6H), 2.21–2.39 (m, 4H), 2.76–2.80 (m, 4H+2H), 3.08 (d, 1H, J = 8.0 Hz), 3.13 (d, 
1H, J = 8.0 Hz), 3.83 (dd, 2H, J1 = 3.6 Hz, J2 = 2.0 Hz), 3.86 (dd, 2H, J1 = 4.0 Hz, J2 = 1.6 
Hz), 3.89 (dd, 2H, J1 = 4.0 Hz, J2 = 1.6 Hz), 3.96 (m, 4H), 5.941–5.948 (m, 2H+2H), 5.98–
5.99 (m, 4H), 6.023–6.028 (m, 4H), 7.13 (s, 1H), 7.14 (s, 1H), 7.15 (s, 2H), 7.20 (s, 1H), 7.21 
(s, 1H), 7.41 (s, 2H), 7.44 (s, 2H), 7.96 (s, 1H), 7.98 (s, 1H), 8.05 (s, 2H), 8.09 (s, 1H), 8.11 
(s, 1H), 8.14 (s, 2H), 8.17 (s, 1H), 8.20 (s, 2H), 8.21 (s, 1H), 8.44 (s, 1H), 8.47 (s, 1H) 
13C NMR (CD2Cl2, 100 MHz) 14.0, 22.8, 29.0, 29.11, 29.16, 29.18, 29.22, 29.41, 29.44, 
29.55, 29.62, 29.63, 29.69, 29.76, 29.81, 30.11, 30.18, 20.23, 30.51, 30.55, 30.85, 31.96, 
32.02, 32.15, 32.29, 32.50, 32.56, 32.63, 33.04, 50.60, 50.70, 50.85, 50.90, 52.55, 82.28, 
82.35, 83.10, 83.16, 83.25, 83.30, 83.34, 85.25, 85.32, 109.1, 114.0, 114.1, 114.3, 115.8, 
115.9, 116.2, 116.3, 126.3, 126.4, 126.7, 127.2, 127.7, 128.7, 128.8, 128.9, 128.98, 129.03, 
129.07, 129.12, 129.17, 131.4, 132.0, 132.18, 132.24, 132.68, 132.74, 133.1, 133.3, 140.9, 
141.2, 141.3, 141.5, 142.1, 143.7, 143.8, 147.8, 147.96, 148.03, 148.1, 148.3, 148.4, 149.2, 
194.5, 194.58, 194.63, 194.7;     
IR (ATR); 2919, 2850, 1677, 1596, 1465, 1303, 1278, 1198, 1155, 1100, 1050, 998, 951, 854, 
790, 759, 720 cm–1; 























Scheme 14. Preparation of triphenylenes 47, 48, 49 
 
 
Synthesis of 47, 48, 49: 
A solution of 43 (200 mg, 0.127 mmol) and naphthoquinone 46 (494 mg, 0.409 mmol) in 
chlorobenzene (4.0 mL) was heated at 150 ºC. After 45 min, the mixture was cooled to room 
temperature, and concentrated in vacuo. The residue was purified by silica-gel flash column 
chromatography (hexane/acetone = 98:2) to give 49 (35.7 mg, 18.0%), 48 (99.8 mg, 44.9%), 





1H NMR (CDCl3, 500 MHz) 0.84–1.28 (m, 92H), 1.93–2.23 (m, 8H), 3.17 (d, 1H, J = 7.5 
Hz), 3.21 (d, 1H, J = 7.5 Hz), 3.91 (dd, 2H, J1 = 4.0 Hz, J2 = 2.0 Hz), 3.94 (dd, 2H, J1 = 4.0 
Hz, J2 = 2.0 Hz), 5.97 (s, 1H), 6.00 (s, 1H), 6.05–6.08 (m, 4H), 6.93–7.06 (m, 10H), 7.22–
7.58 (m, 14H), 8.14 (s, 1H), 8.16 (s, 1H), 8.22 (s, 1H), 8.27 (s, 1H), 8.40 (s, 1H), 8.41 (s, 1H); 
13C NMR (CDCl3, 125 MHz) 14.1, 22.7, 29.0, 29.1, 29.29, 29.31, 29.33, 29.37, 29.47, 29.52, 
29.54, 29.58, 29.63, 29.66, 29.69, 30.1, 30.16, 30.18, 31.89, 31.92, 32.23, 32.31, 32.36, 47.1, 
47.2, 50.5, 50.65, 50.69, 64.2, 64.5, 81.3, 81.4, 82.9, 83.0, 83.13, 83.15, 113.4, 113.7, 115.6, 
115.7, 116.16, 116.21, 126.4, 126.5, 126.67, 126.71, 126.8, 127.5, 127.6, 128.4, 128.5, 
128.65, 128.70, 129.01, 129.04, 129.07, 129.10, 129.56, 129.62, 129.90, 129.96, 131.89, 
131.94, 132.2, 135.05, 135.14, 135.3, 135.4, 138.5, 138.8, 141.0, 141.1, 141.2, 141.3, 145.7, 
145.8, 148.16, 148.18, 148.2, 148.5, 194.56, 194.59, 194.9, 195.0, 196.4; 
IR (ATR) 3019, 2924, 2852, 1777, 1676, 1596, 1497, 1466, 1345, 1305, 1275, 1215, 1200, 
1099, 1072, 1026, 954, 854, 698 cm–1; 





1H NMR (CDCl3, 400 MHz) 0.83–1.26 (m, 46H), 2.00–2.26 (m, 4H), 3.22–3.30 (m, 4H), 
3.94–4.03 (m, 2H), 6.02–6.15 (m, 6H), 6.95–7.05 (m, 20H), 7.29–7.60 (m, 22H), 8.38–8.65 
(m, 6H); 
13C NMR (CDCl3, 100 MHz) 32.8, 41.4, 47.9, 48.0, 48.1, 48.4, 49.0, 50.7, 51.2, 66.1, 66.4, 
66.5, 66.6, 69.6, 83.1, 83.2, 83.3, 83.6, 100.4, 100.5, 102.0, 102.2, 132.1, 132.3, 132.7, 132.9, 
134. 9, 135.0, 145.4, 145.5, 145.7, 146.4, 147.1, 147.3, 148.0, 148.5, 148.8, 150.9, 151.0, 
151.2, 154.0, 154.1, 154.2, 154.5, 157.3, 157.4, 157.8, 160.0, 160.1, 164.5, 164.6, 164.7, 
164.8, 167.0, 167.2, 213.5, 213.7, 215.2; 
IR (ATR); 2925, 2852, 1776, 1682, 1598, 1457, 1445, 1302, 1276, 1220, 1072, 1026, 983, 
953, 920, 855, 841, 772, 695 cm–1; 
 104 
HRMS (MALDI) m/z calcd for C24H12O3 [M–C34H54O2–2(C30H22)–2CO]+ 348.0781, found 
348.0764. 
 
Scheme 16. Preparation of trinaphthylene 48 
 
Synthesis of trinaphthylene 50: 
To a solution of 47 (65.8 mg, 0.0359 mmol) in toluene (2.0 mL) was added TsOH・H2O (68.4 
mg, 0.359 mmol) at room temperature. The reaction mixture was stirred at 50 °C for 7 h. The 
reaction was quenched with sat. aq. NaHCO3. The products were extracted with CHCl3 (X3), 
and the combined organic extracts were dried (Na2SO4), then concentrated in vacuo. The 





1H NMR (CDCl3, 400 MHz, 50 ºC) 0.91–0.95 (m, 18H), 1.33–1.49 (m, 120H), 2.26 (m, 12H), 
7.62 (br. s, 6H), 7.79 (br. s, 6H), 7.95 (br. s, 6H); 
13C NMR (CDCl3, 100 MHz, 50 ºC) 14.1, 22.7, 29.5, 29.7, 29.8, 29.9, 30.3, 30.6, 32.0, 32.8, 
124.3, 127.2, 128.7, 129.0, 129.9, 131.8, 132.8, 147.3, 180.9; 
IR (ATR) 2921, 2852, 2360, 1676, 1589, 1458, 1425, 1371, 1337, 1292, 1188, 1149, 987, 
932, 865, 738 cm–1; 
HRMS (MALDI) m/z calcd for C126H168O6 [M]+ 1777.2835, found 1777.2939. 
 








Synthesis of triphenylene 51: 
To a solution of 48 (106mg, 0.0608 mmol) in toluene (3.0 mL) was added TsOH・H2O (114 
mg, 0.601 mmol) at room temperature. The reaction mixture was stirred at 50 °C for 5 h. The 
reaction was quenched with sat. aq. NaHCO3. The products were extracted with CHCl3(X3), 
and the combined organic extracts were dried (Na2SO4), and concentrated in vacuo. The 
residue was purified by silica-gel flash column chromatography (acetone →  Hexane/CHCl2 
= 5/5) and GPC to give triphenylene 51 (74.3mg, 71.2%) as orange solids.  
 
triphenylene 51 
1H NMR (CDCl3, 400 MHz, 50 ºC) 0.89–0.92 (t, 12H, J = 8.0 Hz), 1.30–1.58 (m, 80H), 2.40–
2.54 (m, 8H), 3.27 (s, 2H), 6.22 (s, 2H), 7.05–7.10 (m, 10H), 7.27 (t, 2H, J = 7.3 Hz), 7.40 (t, 
4H, J = 7.3 Hz), 7.56 (t, 4H, J = 7.3 Hz), 7.78 (s, 2H), 7.86 (s, 2H), 8.36 (s, 2H), 8.40 (s, 2H), 
8.45 (s, 2H), 8.48 (s, 2H), 8.58 (s, 2H); 
13C NMR (CDCl3, 100 MHz, 50 ºC) 14.1, 22.7, 29.4, 29.5, 29.6, 29.7, 29.8, 30.0, 30.3, 30.5, 
32.0, 32.86, 32.91, 47.3, 64.6, 81.7, 114.5, 124.4, 124.7, 126.9, 127.3, 127.4, 127.6, 127.7, 
128.4, 129.1, 129.2, 129.8, 130.0, 130.1, 130.2, 130.8, 132.0, 132.6, 133.2, 135.4, 135.6, 
139.0, 147.8, 147.9, 148.1, 181.8, 181.9, 196.3; 
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IR (ATR) 2923, 2852, 1777, 1675, 1592, 1460, 1423, 1372, 1337, 1293, 1192, 1151, 985, 
930, 861, 786, 759, 750, 740, 696 cm–1; 
HRMS (MALDI) m/z calcd for C123H139O6 [M+H]+ 1713.0600, found 1713.0528. 
 




To a mixture of 51 (74.3 mg, 0.00434 mmol) and naphtoquinone 54 (15.0 mg, 0.0555 mmol) 
in chlorobenzene (3.0 mL) was stirred at reflux. After 3 h, the mixture was cooled to room 
temperture, and concentrated in vacuo. The residue was purified by silica-gel flash column 
chromatography (Acetone → Hexane/CHCl2 = 5/5) to give triphenylene 55 (63.8mg, 93.5%) 
as orange solids. 
To a solution of 55 (63.8mg, 0.0406 mmol) in toluene (3.0 mL) was added TsOH・H2O 
(23.9 mg, 0.126 mmol) at room temperature. The reaction mixture was stirred at 50 °C for 3 
h. The reaction was quenched with sat. aq. NaHCO3. The products were extracted with 
CHCl3(X3), and the combined organic extracts were dried (Na2SO4), and concentrated in 
vacuo. The residue was purified by silica-gel flash column chromatography (EtOAc →  





1H NMR (CDCl3, 500 MHz, 50 ºC) 0.90–0.94 (m, 18H), 1.30–1.42 (m, 106H), 2.16 (m, 12H), 
7.49 (m, 4H), 7.70 (m, 2H); 
13C NMR (CDCl3, 125 MHz, 50 ºC) 13.9, 14.04, 22.7, 23.0, 29.4, 29.6, 29.7, 29.8, 30.2, 30.3, 
32.0, 32.2, 32.3, 32.7, 123.98, 124.01, 124.04, 127.0, 128.5, 128.7, 129.7, 131.6, 132.5, 147.1, 
180.6; 
IR (ATR, cm1) 2922, 2852, 1675, 1589, 1559, 1457, 1423, 1371, 1290, 1220, 1187, 1149, 
988, 931, 864, 772, 737; 























Synthesis of pentacenequinone 60: 
To a solution of 57 (4.0 mg, 0.0028 mmol) in chlorobenzene (1.5 mL) was added 58 (3.6 mg, 
0.0021 mmol) was stirred at 120 ºC. After 5.5 h, the mixture was cooled to room temperature, 
and concentrated in vacuo. The residue was purified by PTLC (hexane/EtOAc = 7/3) to give 
59. 
To a solution of 59 in toluene (1.5 mL) was added TsOH・H2O (9.2 mg, 0.048 mmol) at room 
temperature. The reaction mixture was stirred at 50 °C for 3 h, the reaction was quenched with 
sat. aq. NaHCO3. The products were extracted with CH2Cl2 (X3), dried (Na2SO4), and 
concentrated in vacuo. The residue was purified by PTLC (EtOAc) to give pentacenequinone 







1H NMR (toluene- d8, MHz, 95 ºC) 
 
 








Scheme 14. Preparation of TCNQ 61  
 
Synthesis of TCNQ 61: 
To a solution of 50 (60.1 mg, 0.0337 mmol) and malononitrile (33.4 mg, 0.506 mmol) in 
cholorobenzene (5.0 mL) were added TiCl4 (0.20 mL, 1.37 mmol) and pyridine (0.55 mL, 
5.44 mmol) at 0 ºC. The reaction mixture was stirred at 150 °C for 2 h. The reaction was 
quenched with 1 M HCl. The mixture was filtered through a Celite pad, which was washed 
with CHCl3. After the solvents were removed under reduced pressure, the residue was 
purified by silica-gel flash column chromatography (CHCl3) to give TCNQ 61 (11.8 mg, 
22.7%) as orange solids.  
 
 
Synthesis of TCNQ 61: 
1H NMR (C2D2Cl4, 400 MHz, 130 ºC) 0.95 (m, 18H), 1.39–1.57 (m, 108H), 1.83 (m, 12H), 
2.89 (m, 12H), 8.20 (s, 6H), 8.94 (s, 6H), 8.97 (s, 6H); 
13C NMR (C2D2Cl4, 100 MHz, 130 ºC) 13.8, 22.5, 29.2, 29.4, 29.5, 29.6, 30.3, 31.8, 33.0, 
82.0, 113.5, 114.5, 125.0, 128.2, 128.3, 128.4, 128.8, 131.4, 132.3, 147.3, 160.9; 
IR (ATR) 2954, 2923, 2853, 2224, 1539, 1466, 1435, 1306, 1181, 926, 733 cm–1; 


























Fabrication of Batteries of Polyketon 50 
To fabricate the Li-Polyketon batteries, two kinds of cathodes were prepared as follows:  
1. Sheet-type cathode 
107 mg of polyketone 50, 701.3 mg of carbon black (Tokai Carbon), and 198.6 mg of 
poly(vinylidene fluoride) (Aldrich), in a weight ratio of 1:7:2, respectively, were mixed a 
mortar and ground for 1 h. The mixture was then suspended in an appropriate amount of N-
methyl-2-pyrrolidone (NMP) and stirred for 1 h. The resulting slurry mixture was spread 
evenly in a thickness of 150 m onto an aluminum sheet, then dried in vacuo at 120 °C for 10 
h. A sheet-type cathode was obtained by cutting the sheet into a disc with a diameter of 15.95 
mm.  
 
2. Pellet-type cathode 
108 mg of polyketone 50, 712 mg of carbon black, and 210 mg of poly(vinylidene fluoride), 
in a weight ratio of 1:7:2, respectively, were mixed a mortar and ground for 1 h. The mixture 
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was then suspended in an appropriate amount of N-methyl-2-pyrrolidone (NMP) and stirred 
for 1 h. The resulting slurry mixture was spread evenly onto an aluminum sheet and cut into a 
disc with a diameter of 15.95 mm. A pellet-type cathode was obtained by drying the disc in 
vacuo at 120 °C for 10 h.  
 
Fabrication of Li-batteries 
A Li metal foil with a thickness of 0.2 mm was used for the anode material. Under argon 
atmosphere, the cathode, anode, and separator (polyolefin film) were placed in a coin-shaped 
cell (2320-type) with an electrolyte solution composed of 1 M LiPF6 in a mixed solution of 
ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1).  
The charge/discharge tests of the as-prepared batteries were conducted at a constant current 









1. Synthesis of Trimethylammonium Iodide 
 
To a solution of o-formyl benzoate 8 (50.1 mg, 0.305 mmol) in THF (2.0 mL) was 
added [p-(N,N-dimethylamino)phenyl]magnesium bromide 38 (0.50 M in THF, 2.0 mL, 1.0 
mmol) at –40 ºC, and the reaction was gradually warmed to 0 ºC. After stirring for 2 h, 
trifluoroacetic acid (0.24 mL, 3.2 mmol) was added to the reaction mixture, and the reaction 
was further stirred for 30 min at 25 ºC. The product was gradually precipitated, and the 
reaction mixture was filtered to give an orange solid, which were dissolved with CHCl3, 
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washed with sat. aq. NaHCO3 and brine, and dried over Na2SO4. Evaporation of solvents gave 
essentially pure isobenzofuran 18 (68.1 mg, 63%).  
Rf 0.30 (hexane/EtOAc = 9/1); 
Mp 143–145 ºC (hexane/EtOAc); 
1H NMR (d6-acetone, 500 MHz) 3.02 (s, 12H), 6.88–6.93 (m, 6H), 7.78–7.84 (m, 6H); 
13C NMR (d6-acetone, 125 MHz) 40.4, 113.5, 120.9, 121.0, 121.2, 124.9, 126.2, 143.9, 150.3;  
IR (ATR) 2886, 1606, 1509, 1441, 1351, 1168, 1061, 938, 809, 739 cm–1; 




To a solution of o-formyl benzoate 8 (164 mg, 1.00 mmol) in THF (5.0 mL) was 
added [p-(N,N-dimethylamino)phenyl]magnesium bromide 38 (0.89 M in THF, 3.7 mL, 3.3 
mmol) at –40 ºC. After gradual warming to 0 ºC for 4 h, the reaction was quenched by an 
addition of H2O. The products were extracted with EtOAc (×3), and the combined organic 
extracts were washed with brine. After concentration, the crude ketoalcohol 39 was dissolved 
in CH2Cl2 (5 mL). To this mixture was added Lawesson’s reagent (121 mg, 0.300 mmol) at 
room temperature. After stirring for 1 h, the mixture was concentrated and the products were 
purified by silica-gel column chromatography (hexane/EtOAc = 95/5) to give 
isobenzothiophene 19 (165 mg, 44%) as an orange solid.  
Rf 0.35 (hexane/EtOAc = 9/1); 
Mp 169–170 ºC; 
1H NMR (d6-acetone, 300 MHz) 3.02 (s, 12H), 6.90 (d, 4H, J = 8.8 Hz), 7.03 (dd, 2H, J = 7.2, 
3.0 Hz), 7.54 (d, 4H, J = 8.8 Hz), 7.76 (dd, 2H, J = 7.2, 3.0 Hz); 
13C NMR (d6-acetone, 75 MHz) 40.5, 113.7, 122.1, 123.1, 124.3, 130.5, 134.0, 135.3, 151.1; 
IR (ATR) 2888, 1600, 1523, 1493, 1441, 1340, 1205, 1167, 1063, 945, 813, 741 cm–1; 





To a solution of o-formyl benzoate 8 (82.0 mg, 0.500 mmol) in THF (2.0 mL) was 
added p-(N,N-dimethylamino)phenyl magnesium bromide  38 (1.50 M in THF, 1.0 mL, 1.5 
mmol) at –40 ºC. After gradual warming to 0 ºC for 4 h, the reaction was quenched by an 
addition of H2O. The products were extracted with EtOAc (×3), and the combined organic 
extracts were washed with brine. The solvents were removed under reduced pressure to give 
keto alcohol, which was used without further purification. 
To a mixture of the crude ketoalcohol 39, NMO (264 mg, 2.25 mmol), and MS 4A 
(250 mg) in CH2Cl2 (5.0 mL) was added TPAP (18 mg, 0.051 mmol) at 0 ºC. After stirring 
for 4 h at room temperature, the mixture was filtered through a Celite® pad. Concentration 
and purification by silica-gel column chromatography (hexane/acetone = 9/1→7/3) to give 
diketone 40 (107 mg, 58%) as white solids.  
Mp 212.6–213.5 ºC; 
1H NMR (CDCl3, 500 MHz) 2.96 (s, 12H), 6.52 (d, 4H, J = 8.5 Hz), 7.47–7.55 (m, 4H), 7.62 
(d, 4H, J = 8.5 Hz); 
13C NMR (CDCl3, 125 MHz) 39.8, 110.2, 125.0, 128.7, 129.0, 132.1, 140.5, 153.1, 194.7; 
IR (ATR) 2911, 1642, 1581, 1541, 1439, 1377, 1317, 1283, 1191, 1146, 1071, 998, 930, 819, 
784, 729 cm–1; 





To a solution of diketone 40 (10.0 mg, 0.0268 mmol) in toluene (1.0 mL) was added 
Lawesson’s reagent (5.8 mg, 0.0143 mmol) at room temperature. After stirring at 80 ºC for 1 
h, the product was purified by silica-gel column chromatography (hexane/EtOAc = 9/1) to 




To a solution of isobenzofuran 18 (18.3 mg, 0.0513 mmol) in toluene (0.8 mL) was 
added Lawesson’s reagent (7.5 mg, 0.0185 mmol) at room temperature. After stirring at 80 ºC 
for 1 h, the product was purified by silica-gel column chromatography (hexane/EtOAc = 9/1) 
to give isobenzothiophene 19 (9.0 mg, 47%) as orange solids. 
 
 
To a solution of isobenzofuran 18 (28.6 mg, 0.0802 mmol) in toluene (1.0 mL) was 
added Woollins’ reagent (16.0 mg, 0.0300 mmol) at room temperature. After stirring for 4.5 h 
at 100 ºC, the mixture was purified by silica gel column chromatography (hexane/EtOAc = 
95/5→9/1) to give isobenzoselenophene 20 (10.7 mg, 32%) as orange solids. 
Rf 0.31 (hexane/EtOAc = 9/1); 
Mp 183–184 ºC (EtOAc/hexane); 
1H NMR (CDCl3, 500 MHz) 3.02 (s, 12H), 6.84–6.87 (m, 6H), 7.50–7.63 (m, 6H); 
13C NMR CDCl3, 125 MHz) 40.4, 110.3, 112.5, 121.8, 122.8, 130.3, 132.2, 149.6; 
IR (ATR) 2922, 1734, 1646, 1591, 1523, 1490, 1439, 1371, 1320, 1290, 1235, 1194, 1147, 
1057, 933, 817, 748 cm–1; 






To a solution of isobenzofuran 18 (45.4 mg, 0.127 mmol) in acetone (2.0 mL) was 
added MeI (80 µL, 1.28 mmol) at room temperature. After stirring for 72 h at this 
temperature, the products were filtrated and washed with ice-cold acetone to give ammonium 
iodide 24 (47.4 mg, 58%) as yellow solids. 
Mp 179 ºC (dec); 
1H NMR (d6-DMSO, 500 MHz) 3.69 (s, 18H), 7.27 (dd, 2H, J = 7.0, 2.5 Hz), 8.08–8.13 (m, 
6H), 8.28 (d, 4H, J = 9.0 Hz); 
13C NMR (d6-DMSO, 125 MHz) 56.4, 119.9, 121.5, 122.8, 125.8, 127.0, 131.5, 142.4, 145.7; 
IR (ATR) 3421, 3011, 1587, 1471, 1373, 1293, 1194, 1110, 935, 836, 742 cm–1; 
HRMS (ESI) m/z calcd for C26H30OI2N2O [M–2I–CH3]+ 371.2123; found 371.2115. 
 
 
To a solution of isobenzothiophene 19 (36.7 mg, 0.0985 mmol) in acetone (2.0 mL) 
was added MeI (100 µL, 1.61 mmol) at room temperature. After stirring for 72 h at this 
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temperature, the products were filtrated and washed with ice-cold acetone to give ammonium 
iodide 25 (60.6 mg, 94%) as yellow solids. 
Mp 186 ºC (dec); 
1H NMR (d6-DMSO, 500 MHz) 3.73 (s, 18H), 7.35 (dd, 2H, J = 7.0, 2.5 Hz), 7.90 (dd, 2H, J 
= 7.0, 2.5 Hz), 8.02 (d, 4H, J = 8.8 Hz), 8.20 (d, 4H, J = 8.8 Hz); 
13C NMR (d6-DMSO, 125 MHz) 56.5, 120.6, 121.8, 125.8, 129.9, 132.2, 134.7, 135.3, 146.4; 
IR (ATR) 3435, 3015, 1601, 1517, 1486, 1464, 1395, 1230, 1191, 1129, 928, 839, 744 cm–1; 
HRMS (ESI) m/z calcd for C26H30OI2N2S [M–2I–CH3]+ 387.1895; found 387.1898. 
 
 
To a solution of isobenzoselenophene 20 (26.9 mg, 0.0641 mmol) in acetone (2.0 mL) 
was added MeI (120 µL, 1.92 mmol) at room temperature. After stirring for 72 h at this 
temperature, the products were filtrated and washed with ice-cold acetone to give ammonium 
iodide 26 (38.0 mg, 84%) as yellow solids. 
Mp 176 ºC (dec); 
1H NMR (d6-DMSO, 500 MHz) 3.68 (s, 18H), 7.16 (dd, 2H, J = 7.0, 3.0 Hz), 7.66 (dd, 2H, J 
= 7.0, 3.0 Hz), 7.90 (d, 4H, J = 9.0 Hz), 8.13 (d, 4H, J = 9.0 Hz); 
13C NMR (d6-DMSO, 125 MHz) 56.4, 120.9, 121.6, 125.2, 130.3, 136.7, 137.5, 141.4, 146.3; 
IR (ATR) 3427, 3015, 1599, 1485, 1464, 1411, 1395, 1338, 1287, 1233, 1190, 1129, 1013, 
949, 927, 838, 817, 741, 724, 623 cm–1; 


































2. Synthesis of Potassium Carboxylate  
 
 
To a mixture of magnesium (73.0 mg, 3.00 mmol) and 1,4-dibromobenzene (1.06 g, 
4.49 mmol) in THF (6 mL) was added one crystal of iodine. The mixture was heated under 
reflux for 1 h. A solution of o-formate 8 (165 mg, 1.01 mmol) in THF (2.0 mL) was added at 
–40 ºC. After gradual warming to room temperature, TFA (700 µL) was added and stirred at 
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room temperature for 1 h. The reaction was carefully quenched by an addition of NaHCO3 
sat. aq. The products were extracted with EtOAc (×3), and the combined organic extracts 
were washed with brine. After concentration, the products were triturated by Et2O to give 
isobenzofuran 42 (146 mg, 49%) as brown solids. 
Rf 0.61 (hexane/EtOAc = 8/2);  
Mp 193–195 ºC;  
1H NMR (CDCl3, 500 MHz) 7.05 (dd, 2H, J1 = 6.9 Hz, J2 = 2.9 Hz), 7.56–7.61 (m, 4H), 
7.74–7.80 (m, 6H); 
13C NMR (CDCl3, 125 MHz) 119.9, 120.8, 122.5, 125.7, 126.1, 130.3, 132.1, 143.1; 
IR (ATR) 3047, 1584, 1539, 1486, 1438, 1404, 1291, 1207, 1070, 1004, 971, 940, 824, 814, 
772, 742, 733, 705 cm–1; 




To a solution of o-formyl benzoate 8 (332 mg, 2.02 mmol) in THF (6.0 mL) was 
added p-bromophenyl magnesium bromide 41 (1.0 M in THF, 10.0 mL, 6.34 mmol) at –40 
ºC. After gradual warming to room temperature for 6 h, the reaction was quenched by an 
addition of H2O. The products were extracted with EtOAc (×3), and the combined organic 
extracts were washed with brine. After concentration, the crude product was dissolved in 
toluene (5 mL) and then added MnO2 (534 mg, 6.13 mmol) at room temperature. After 
stirring for 0.5 h at reflux, the mixture was filtrated thought celite and concentrated, the crude 
products were purified by silica-gel column chromatography (hexane/EtOAc = 8/2) to give 
dibromodiketone 45 (643 mg, 72%) as a white solid. 
Rf 0.41 (hexane/EtOAc = 8/2); 
Mp 182–183 ºC; 
1H NMR (CDCl3, 300 MHz) 7.53–7.66 (m, 12H); 
13C NMR (CDCl3, 75 MHz) 128.4, 129.6, 130.6, 131.2, 131.7, 135.7, 139.5, 195.4; 
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IR (ATR) 3306, 3052, 1666, 1653, 1582, 1480, 1395, 1301, 1270, 1220,1173, 1152, 1069, 
1010, 933, 922, 842, 773, 736 cm–1; 




To a solution of diketone 44 (307 mg, 0.691 mmol) in toluene (3.0 mL) was added 
Lawesson’s reagent (281 mg, 0.695 mmol) at room temperature. The mixture was heated 
under reflux for 1 h. The mixture was filtered through short-pad silica-gel column 
chromatography (CH2Cl2). After concentration, the products were triturated by Et2O to give 




To a solution of isobenzofuran 42 (25.5 mg, 0.0596 mmol) in CH2Cl2 (3.0 mL) was 
added Lawesson’s reagent (121 mg, 0.300 mmol) at room temperature. After stirring for 24 h 
at this temperature, the mixture was concentrated. The products were purified by silica-gel 
column chromatography (hexane/EtOAc = 9/1) to give isobenzothiophene 43 (18.4 mg, 69%) 
as yellow solids. 
Rf 0.65 (hexane/EtOAc = 8/2);  
Mp 214–215 ºC; 
1H NMR (CDCl3, 500 MHz) 7.12 (dd, 2H, J1 = 6.9 Hz, J2 = 2.9 Hz), 7.53–7.57 (m, 4H), 
7.59–7.65 (m, 4H), 7.77 (dd, 2H, J1 = 6.9 Hz, J2 = 2.9 Hz); 
13C NMR (CDCl3, 125 MHz) 120.9, 121.7, 124.7, 130.6, 132.2, 133.0, 133.1, 135.4; 
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IR (ATR) 3051, 1507, 1478, 1394, 1195, 1069, 1006, 812, 737, 703 cm–1; 




To a solution of isobenzofuran 42 (1.00g, 2.34 mmol) in THF (15 mL) was added n-
BuLi (1.64 M in hexane, 3.1 mL, 5.08 mmol) at –78 ºC. After stirring for 10 min, the pieces 
of dry ice (2.13 g) were added at this temperature and the mixture was gradually warmed to 0 
ºC. After stirring for 20 h, the reaction was quenched by an addition of 2 M NaOH/EtOAc. 
The products were extracted with H2O (×3), and the combined aqueous extracts were 
carefully acidified with 2 M HCl. The precipitates were collected by filtration to give 
dicalboxylic acid 21 (0.76 mg, 87%) as orange solids.  
Rf 0.66 (CHCl3/MeOH/AcOH = 90/5/5); 
Mp 304–306 ºC; 
1H NMR (d6-DMSO, 500 MHz) 7.24 (dd, 2H, J1 = 6.5 Hz, J2 = 2.5 Hz), 8.08 (d, 4H, J = 8.5 
Hz), 8.11 (dd, 2H, J1 = 6.5 Hz, J2 = 2.5 Hz), 8.18 (d, 4H, J = 8.5 Hz); 
13C NMR (d6-DMSO, 125 MHz) 120.3, 123.2, 124.4, 126.9, 129.0, 130.3, 133.9, 143.4, 
166.9; 
IR (ATR) 3073, 2850, 2670, 2547, 1680, 1596, 1425, 1316, 1287, 1171, 850, 771 cm–1; 
HRMS (DART) m/z calcd for C22H15O5 [M+H]+ 359.0919; found 359.0902. 
 
 
To a solution of dicalboxylic acid 21 (50.3 mg, 0.140 mmol) in EtOH (3.0 mL) was 
added K2CO3 (40.5 mg, 0.293 mmol) at room temperature. The mixture was heated under 
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reflux for 1.5 h. The mixture was filtered then washed with acetone and chloroform to give 
potassium carboxylate 27 (52.6 mg, 87%) as red solids. 
Mp 317 ºC (dec); 
1H NMR (D2O, 500 MHz) 6.81 (dd, 2H, J1 = 7.0 Hz, J2 = 2.5 Hz), 7.51 (dd, 2H, J1 = 7.0 Hz, 
J2 = 2.5 Hz), 7.58 (d, 4H, J = 8.5 Hz), 7.68 (d, 4H, J = 8.5 Hz); 
13C NMR (D2O, MeOH, 125 MHz); 120.6, 123.3, 124.4, 126.5, 130.1, 133.5, 134.4, 143.6, 
175.7; 内部標準にメタノールを用いた。 
13C NMR (D2O, Acetone-d6, 125 MHz); 120.3, 123.0, 124.1, 126.2, 129.9, 133.2, 134.2, 
143.3, 175.3; 内部標準に Acetone-d6 を用いた。 
IR (ATR) 3210, 2912, 2856, 1590, 1540, 1457, 1375, 1321, 1205, 1175, 1137, 1094, 998, 
975, 858, 838, 785, 743 cm–1; 
HRMS (ESI) m/z calcd for C22H12K3O5 [M+K]+ 472.9596; found 472.9589. 
 
 
To a solution of isobenzofuran 43 (200 mg, 0.450 mmol) in THF (5.0 mL) was added 
n-BuLi (1.64 M in hexane, 0.6 mL, 0.99 mmol) at –78 ºC. After stirring for 10 min, the pieces 
of dry ice (569 mg) were added at this temperature and the mixture was gradually warmed to 
0 ºC. After stirring for 4 h, the reaction was quenched by an addition of 2 M NaOH/EtOAc. 
The products were extracted with H2O (×3), and the combined aqueous extracts were 
carefully acidified with 2 M HCl. The precipitates were collected by filtration to give 
dicalboxylic acid 22 (116 mg, 69%) as orange solids. 
Rf 0.64 (CHCl3/MeOH/AcOH = 90/5/5); 
Mp 323–324 ºC; 
1H NMR (d6-DMSO, 500 MHz) 7.28 (dd, 2H, J1 = 6.9 Hz, J2 = 2.9 Hz), 7.87 (d, 4H, J = 8.0 
Hz), 7.93 (dd, 2H, J1 = 6.9 Hz, J2 = 2.9 Hz), 8.10 (d, 4H, J = 8.0 Hz); 
13C NMR (d6-DMSO, 125 MHz) 1201.0, 125.7, 128.7, 129.8, 130.4, 133.5, 135.4, 137.4, 
166.9; 
IR (ATR) 3393, 2956, 2849, 2663, 2540, 1681, 1598, 1418, 1314, 1275, 1176, 1119, 1015, 
928, 851, 803, 768, 741 cm–1; 




To a solution of dicalboxylic acid 22 (51.3 mg, 0.137 mmol) in EtOH (3.0 mL) was 
added K2CO3 (41.3 mg, 0.299 mmol) at room temperature. The mixture was heated under 
reflux for 1.5 h. The mixture was filtered then washed with acetone and chloroform to give 
potassium carboxylate 28 (57.3 mg, 93%) as red solids. 
Mp >400 ºC; 
1H NMR (D2O, 500 MHz) 7.10 (dd, 2H, J1 = 7.5 Hz, J2 = 2.5 Hz), 7.65 (d, 4H, J = 7.5 Hz), 
7.80 (dd, 2H, J1 = 7.5 Hz, J2 = 2.5 Hz), 7.77 (d, 4H, J = 7.5 Hz); 
13C NMR (D2O, MeOH, 125 MHz); 121.5, 125.6, 129.0, 130.3, 134.4, 135.6, 135.7, 136.8, 
175.6;内部標準にメタノールを用いた 
IR (ATR) 3363, 2921, 2853, 1587, 1539, 1391, 1297, 1180, 1103, 1013, 930, 861, 842, 785, 
745, 725, 701 cm–1; 
















3. Synthesis of D–A isobenzoheterole  
 




To a solution of 2-formylbenzoate 8 (2.47 g, 12.2 mmol) in THF (31 mL) was 
added 4-diphenylaminophenyl magnesium bromide (0.247 M in THF, 11.0 mL, 15.4 mmol) 
at –40 ºC, and the reaction was stirred at room temperature for 4 h, the reaction was quenched 
with 1 M HCl. The products were extracted with EtOAc (×3), and brine, dried (Na2SO4), and 
concentrated in vacuo. The residue was purified by recrystallization (hexane/CHCl3) to give 
lactone 52 (5.12 g, 90.1%) as a white solid.  
1H NMR (CDCl3, 500 MHz) 6.36 (s, 1H), 7.00–7.10 (m, 10H), 7.23–7.27 (m, 4H), 7.38 (d, 
1H, J = 8.0 Hz), 7.56 (t, 1H, J = 7.5 Hz), 7.67 (t, 1H, J = 7.5 Hz), 7.96 (d, 1H, J = 8.0 Hz); 
13C NMR (CDCl3, 125 MHz) 82.8, 122.9, 123.0, 123.5, 124.8, 125.6, 126.0, 128.3, 129.2, 
129.3, 129.4, 134.2, 147.3, 149.0, 149.6, 170.5; 
IR (ATR) 3024, 1760, 1588, 1509, 1489, 1332, 1314, 1281, 1213, 1176, 1153, 1094, 1062, 
1014, 958, 910, 837, 746 cm–1; 
HRMS (ESI) m/z calcd for C26H19NO2Na [M+Na]+ 400.1313, found 400.1303. 
 
Scheme 19. Preparation of isobenzofuran 51 
 
To a solution of 4-cyanophenyllitium 50 (1.00 M in THF, 10.0 mL, 2.47 mmol) 
was added lactone 52 (776 mg, 2.06 mmol) at –78 ºC, and the reaction was stirred at room 
temperature for 4 h, the reaction was quenched with excess TFAA. After further stirring for 
10 min, the reaction was stopped by adding sat. aq. NaHCO3.  The products were extracted 
with EtOAc (×3), and brine, dried (Na2SO4), and concentrated in vacuo. The residue was 
purified by silica-gel flash column chromatography (hexane/EtOAc = 9/1) to give 
isobenzofuran 51 (627 mg, 66.0%) as red solids.  
1H NMR (CDCl3, 500 MHz) 7.01–7.17 (m, 10H), 7.29–7.32 (m, 4H), 7.67 (d, 2H, J = 8.5 
Hz), 7.78–7.82 (m, 4H), 7.94 (d, 2H, J = 8.5 Hz); 
13C NMR (CDCl3, 125 MHz) 108.4, 119.3, 119.4, 120.9, 121.8, 123.0, 123.6, 123.8, 124.4, 
124.9, 126.2, 126.9, 129.4, 132.6, 135.4, 140.6, 146.5, 147.2, 147.6; 
IR (ATR) 3056, 3021, 2221, 1592, 1541, 1493, 1455, 1442, 1330, 1315, 1282, 1214, 1175, 
1075, 1029, 999, 974, 942, 836, 756, 697 cm–1; 
HRMS (ESI) m/z calcd for C33H22N2O [M]+ 462.1732, found 462.1714. 




To a solution of 51 (135 mg, 0.291 mmol) in dichloromethane (4.0 mL) was added 
Lawesson’s reagent (589 mg, 1.46 mmol) under O2, the reaction was stirred for 7 h at room 
temperature. After concentration, the residue was purified by silica-gel flash column 
chromatography (hexane/EtOAc = 9/1) to give isobenzothiophene 54 (108 mg, 77.3%) as red 
solids. 
1H NMR (CDCl3, 500 MHz) 7.07–7.19 (m, 10H), 7.29–7.32 (m, 4H), 7.52 (d, 2H, J = 8.5 
Hz), 7.74 (d, 2H, J = 9.0 Hz), 7.79 (d, 2H, J = 9.0 Hz), 7.82 (d, 1H, J = 8.5 Hz), 7.86 (d, 1H, J 
= 8.5 Hz); 
13C NMR (CDCl3, 125 MHz) 110.0, 119.0, 120.4, 121.8, 123.1, 123.5, 124.2, 124.9, 125.6, 
127.0, 129.0, 129.4, 129.9, 132.8, 135.3, 137.6, 139.3, 147.3, 147.9; 
IR (ATR) 3060, 3022, 2925, 2224, 1734, 1675, 1588, 1515, 1488, 1451, 1415, 1314, 1276, 
1194, 1177, 1154, 1118, 1074, 1029, 1015, 930, 835, 750, 696 cm–1; 
HRMS (ESI) m/z calcd for C33H22N2S [M]+ 478.1504, found 478.1515. 
 
Scheme 24. Preparation of isobenzoselenophene 57 
 
To a solution of 58 (52.4 mg, 0.0912 mmol) in toluene (2.0 mL) was added 
Woollins’ reagent (48.9 mg, 0.0919 mmol), the reaction was stirred for 1 days. The residue 
was purified by silica-gel flash column chromatography (hexane/EtOAc = 9/1) to give 
isobenzoselenophene 57 (13.4 mg, 23.1%) as red solids. 
1H NMR (CDCl3, 400 MHz) 0.95 (t, 6H, J = 7.2 Hz), 1.38 (sextet, 4H, J = 7.2 Hz), 1.56–1.65 
(m, 4H), 2.59 (t, 4H, J = 7.2 Hz), 6.93–7.12 (m, 12H), 7.41 (d, 2H, J = 8.8 Hz), 7.62–7.72 (m, 
6H); 
13C NMR (CDCl3, 125 MHz) 14.0, 22.4, 33.6, 35.1, 110.0, 119.0, 120.8, 121.7, 122.3, 123.6, 
125.1, 155.2, 128.0, 129.3, 129.6, 130.1, 132.6, 137.3, 138.29, 138.34, 141.3, 144.8, 147.5, 
148.3; 
IR (ATR) 3031, 2948, 2927, 2855, 2221, 1906, 1653, 1591, 1506, 1486, 1463, 1448, 1415, 
1379, 1321, 1287, 1273, 1197, 1180, 1118, 1073, 1016, 961, 928, 901, 886, 832, 792, 747, 
722 cm–1; 





Scheme 21. Preparation of idiketone 55 
To a solution of 4-cyanophenyllitium (0.32 M in THF, 2.0 mL, 0.64 mmol) was 
added lactone 52 (210 mg, 0.530 mmol) in THF (5.0 mL) at –78 ºC, and the reaction was 
stirring at room temperature for 5 h, the reaction was quenched with H2O. The products were 
extracted with EtOAc (×3), and brine, dried (Na2SO4), and concentrated in vacuo. After 
concentration, the crude product was dissolved in toluene (4 mL) and then added MnO2 (229 
mg, 2.63 mmol) at room temperature. After stirring for 2 h at 150 ºC, the mixture was filtrated 
thought a Celite® pad and. Concentration and purification by silica-gel column 
chromatography (hexane/EtOAc = 7/3) to give diketone 22 (213 mg, 82.1%) as white solids. 
1H NMR (CDCl3, 300 MHz) 6.90 (d, 2H, J = 8.7 Hz), 7.13–7.17 (m, 6H), 7.33 (t, 4H, J = 8.1 
Hz), 7.52–7.68 (m, 8H), 7.81 (d, 2H, J = 7.8 Hz); 
13C NMR (CDCl3, 75 MHz) 115.9, 118.0, 118.9, 125.0, 126.2, 128.7, 129.2, 129.6, 129.7, 
129.9, 130.3, 130.5, 131.7, 132.1, 139.1, 140.3, 140.6, 146.1, 152.4; 
IR (ATR) 3062, 3035, 2925, 2855, 2230, 1668, 1649, 1580, 1554, 1506, 1489, 1451, 1425, 
1404, 1335, 1310, 1276, 1188, 1150, 1099, 928, 850, 751 cm–1; 
HRMS (ESI) m/z calcd for C33H22N2O2Na [M+Na]+ 501.1579, found 501.1566. 
 
Scheme 27. Preparation of isobenzothiophene 54 
 
 To a solution of 54 (771 mg, 1.61 mmol) in dichlorometane (6.0 mL) was added 
diisobutylaluminium hydride (1.0 M in THF, 1.9 mL, 1.9 mmol) at 0 ºC, and the reaction was 
stirred at room temperature for 1 h. The reaction was reaction was quenched with 2 M NaOH. 
After further stirring for 10 min, the products were extracted with EtOAc (×3), and brine, 
dried (Na2SO4), and concentrated in vacuo. The residue was purified by silica-gel flash 
column chromatography (hexane/EtOAc = 9/1) to give aldehyde 65 (604 mg, 77.9%) as red 
solids. 
To a solution of aldehyde 24 (217 mg, 0.115 mmol) in CHCl3 (3.0 mL) was added 
cyanoacetic acid (116 mg, 1.35 mmol), and piperidine (0.20 mL, 2.0 mmol) at room 
temperature, and the reaction mixture was stirred at reflux for 7 h. The residue was directly 
purified by silica-gel flash column chromatography (CHCl3 only → CHCl3/MeOH = 95/5) to 
give isobenzothiophene 66 (202 mg, 81.7%). 
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1H NMR (CDCl3, 500 MHz) 7.06–7.19 (m, 10H), 7.30 (t, 4H, J = 8.5 Hz), 7.52 (d, 2H, J = 
8.5 Hz), 7.83–7.89 (m, 4H), 7.96 (d, 2H, J = 8.0 Hz); 
13C NMR (CDCl3, 125 MHz) 120.7, 121.7, 123.1, 123.5, 124.2, 124.9, 125.4, 127.2, 129.0, 
129.4, 129.9, 130.5, 130.9, 134.6, 135.3, 136.0, 137.3, 140.8, 147.3, 147.8; 
IR (ATR) 3022, 2924, 2826, 2736, 1695, 1592, 1562, 1516, 1489, 1451, 1414, 1383, 1315, 
1277, 1214, 1167, 1119, 1075, 1029, 1014, 929, 826, 751, 697 cm–1; 
HRMS (ESI) m/z calcd for C33H23NOS [M]+ 481.1500, found 481.1500. 
1H NMR (DMSO-d6, 300 MHz) 7.09–7.28 (m, 10H), 7.34–7.40 (m, 4H), 7.63 (d, 2H, J = 8.7 
Hz), 7.85 (d, 1H, J = 8.7 Hz), 7.92 (d, 2H, J = 8.1 Hz), 7.96 (d, 1H, J = 8.7 Hz), 8.18 (d, 1H, J 
= 8.7 Hz), 8.32 (s, 1H); 
13C NMR (DMSO-d6, 125 MHz) 117.4, 121.4, 121.9, 123.1, 124.3, 125.3, 126.3, 126.9, 
129.2, 130.3, 130.4, 130.5, 131.2, 132.1, 135.2, 136.0, 136.8, 138.4, 147.2, 147.9, 163.9; 
IR (ATR) 3399, 3018, 2958, 2928, 2857, 2219, 1699, 1622, 1590, 1507, 1454, 1395, 1339, 
1318, 1281, 1215, 1184, 1151, 1092, 1017, 933, 829, 799, 751 cm–1; 




Preparation of isobenzofuran 58 
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To a solution of 4-cyanophenyllitium (1.00 M in THF, 2.0 mL, 0.534 mmol) was 
added lactone 72 (209 mg, 0.427 mmol) at –78 ºC, and the reaction was stirred at room 
temperature for 11 h, the reaction was quenched with excess TFAA. After further stirred for 
10 min, the reaction was stopped by adding sat. aq. NaHCO3.  The products were extracted 
with EtOAc (×3), and brine, dried (Na2SO4), and concentrated in vacuo. The residue was 
purified by silica-gel flash column chromatography (hexane/EtOAc = 5/5) to give 
isobenzofuran 58 (146 mg, 60.0%) as red solid.  
1H NMR (CDCl3, 500 MHz) 0.95 (t, 6H, J = 7.5 Hz), 1.38 (sextet, 4H, J = 7.5 Hz), 1.61 
(quintet, 4H, J = 7.5 Hz), 2.59 (t, 4H, J = 7.5 Hz), 6.99–7.12 (m, 12H), 7.66 (d, 2H, J = 8.0 
Hz), 7.75–7.81 (m, 4H), 7.92 (d, 2H, J = 8.0 Hz); 
13C NMR (CDCl3, 125 MHz) 14.0, 22.4, 33.6, 35.1, 108.2, 119.4, 121.0, 121.5, 121.8, 123.4, 
123.7, 124.5, 124.8, 125.1, 126.1, 126.9, 129.3, 132.6, 135.4, 138.4, 140.3, 144.7, 146.8, 
148.1; 
IR (ATR) 3019, 2957, 2929, 2858, 2222, 1598, 1541, 1501, 1455, 1442, 1321, 1284, 1214, 
1174, 974, 833, 751 cm–1; 
HRMS (ESI) m/z calcd for C41H38N2ONa [M+Na]+ 597.2882, found 597.2877. 
 
Preparation of isobenzothiophene 61 
 
To a solution of isobenzofuran 51 (164 mg, 0.355 mmol) in dichloromethane (10 
mL) was added Woollins’ reagent (90.4 mg, 0.170 mmol), the reaction was stirred at room 
temperature for 2 days. After concentration, the residue was purified by silica-gel flash 
column chromatography (hexane/EtOAc = 9/1) to give isobenzoselenophene 61 (98.6 mg, 
58.9%) as red solids. 
1H NMR (CDCl3, 500 MHz) 6.97–7.00 (m, 1H), 7.02–7.05 (m, 1H), 7.08 (t, 2H, J = 7.5 Hz), 
7.14 (d, 2H, J = 8.5 Hz), 7.17 (d, 4H, J = 7.5 Hz), 7.30 (t, 4H, J = 8.5 Hz), 7.46 (d, 2H, J = 
9.0 Hz), 7.65 (d, 2H, J = 8.5 Hz), 7.70–7.74 (m, 5H); 
13C NMR (CDCl3, 125 MHz) 110.1, 119.0, 120.9, 122.3, 122.9, 123.5, 123.8, 124.9, 125.2, 
129.0, 129.4, 129.7, 130.3, 132.7, 137.5, 138.3, 138.7, 141.2, 147.0, 147.3, 147.9; 
IR (ATR) 3033, 2223, 1733, 1587, 1515, 1486, 1451, 1416, 1331, 1273, 1220, 1175, 1113, 
1073, 1032, 928, 890, 832, 772, 721 cm–1; 
HRMS (ESI) m/z calcd for C33H22N2Se [M]+ 526.0951, found 526.0937. 
 
Scheme 28. Preparation of isobenzothiophene 54 
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To a solution of 61 (431 mg, 0.955 mmol) in dichlorometane (6.0 mL) was added 
diisobutylaluminium hydride (1.0 M in THF, 1.1 mL, 1.1 mmol) at 0 ºC, and the reaction was 
stirred at room temperature for 10 min. The reaction was reaction was quenched with 2 M 
NaOH. After further stirred for 10 min, the products were extracted with CH2Cl2 (x3), and 
brine, dried (Na2SO4), and concentrated in vacuo. The residue was purified by silica-gel flash 
column chromatography (hexane/EtOAc = 9/1) to give aldehyde 68 (421 mg, 97.1%) as red 
solids. 
To a solution of aldehyde 68 (216 mg, 0.409 mmol) in CHCl3 (3.0 mL) was added 
cyanoacetic acid (102 mg, 1.19 mmol) and piperidine (0.2 mL, 2.0 mmol) at room 
temperature, and the reaction mixture was stirred at 90 ºC for 6 h. The residue was purified by 
silica-gel flash column chromatography (CHCl3 only → CHCl3/MeOH = 95/5) to give 
isobenzoselenophene 70 (183 mg, 74.8%) as red solids. 
 
1H NMR (CDCl3, 500 MHz) 6.97–7.00 (m, 1H), 7.03–7.06 (m, 1H), 7.08 (t, 2H, J = 7.5 Hz), 
7.15 (d, 2H, J = 9.0 Hz), 7.18 (d, 4H, J = 8.5 Hz), 7.31 (t, 4H, J = 7.5 Hz), 7.47 (d, 2H, J = 
8.5 Hz), 7.72 (d, 2H, J = 9.0 Hz), 7.78 (d, 2H, J = 8.0 Hz), 7.96 (d, 2H, J = 8.0 Hz); 
13C NMR (CDCl3, 125 MHz) 121.2, 122.2, 123.0, 123.5, 123.8, 124.9, 125.0, 129.3, 129.4, 
129.7, 130.3, 130.4, 134.7, 137.6, 138.3, 139.8, 142.8, 146.8, 147.3, 147.8, 191.5; 
IR (ATR, cm–1) 3059, 3033, 2814, 2732, 1691, 1586, 1513, 1485, 1449, 1410, 1383, 1332, 
1316, 1277, 1211, 1168, 1116, 1075, 1028, 1003, 927, 895, 825, 749, 731, 721, 694; 




1H NMR (DMSO-d6, 300 MHz) 7.06–7.15 (m, 10H), 7.34–7.40 (m, 4H), 7.56 (d, 2H, J = 8.4 
Hz), 7.69 (d, 1H, J = 8.4 Hz), 7.76–7.85 (m, 3H), 8.15 (d, 1H, J = 8.4 Hz), 8.29 (s, 1H); 
IR (ATR) 3485, 2924, 2222, 1582, 1513, 1487, 1391, 1314, 1272, 1180, 1117, 935, 822, 790, 
748 cm–1; 
HRMS (ESI) m/z calcd for C36H24N2O2Se [M]+ 596.1006, found 596.0999. 
 
Scheme 28. Preparation of isobenzothiophene 78 
 
To a solution of 2-formylbenzoate 8 (1.51 g, 9.20 mmol) in THF (30 mL) was 
added di(4-dibutylphenyl) aminophenyl magnesium bromide (1.0 M in THF, 10 mL, 10 
mmol) at –40 ºC, and the reaction was stirred at room temperature for 11 h, the reaction was 
quenched with 1 M HCl. The products were extracted with EtOAc (×3), and brine, dried 
(Na2SO4), and concentrated in vacuo. The residue was purified by silica-gel flash column 
chromatography (hexane/EtOAc = 9/1 → 8/2) to give lactone 72 (3.31 g, 73.6%) as white 
solids.  
To a solution of 4-cyanophenyllitium (1.00 M in THF, 3.0 mL, 0.616 mmol) was 
added lactone 72 (262 mg, 0.536 mmol) at –78 ºC, and the reaction was stirred at room 
temperature for 12 h, the reaction was quenched with H2O. The products were extracted with 
EtOAc (×3), and brine, dried (Na2SO4). After the solvents were removed under reduced 
pressure to give the crude product. To a solution of crude product (316 mg) in CH2Cl2 (3 mL) 
was added Lawesson’s reagent (65.0 mg, 0.161 mmol), the reaction was stirring for 30 min. 
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The residue was purified by silica-gel flash column chromatography (hexane/CH2Cl2 = 8/2) to 
give isobenzothiophene 74 (232 mg, 73.3%) as red solids. 
To a solution of isobenzothiophene 74 (52.6 mg, 0.089 mmol) in CH2Cl2 (3.0 mL) 
was added diisobutylaluminium hydride (1.0 M in THF, 0.10 mL, 0.10 mmol) at 0 ºC, and the 
reaction was stirred at room temperature for 10 min. The reaction was reaction was quenched 
with 2 M NaOH. After further stirring for 10 min, the products were extracted with EtOAc 
(×3), and brine, dried (Na2SO4), and concentrated in vacuo. The residue was PTLC 
(hexane/CH2Cl2 = 9/1) to give aldehyde 76 (41.2 mg, 78.0%) as red solids. 
To a solution of aldehyde 76 (51.1 mg, 0.0879 mmol) in CHCl3 (3.0 mL) was 
added cyanoacetic acid (27.1 mg, 0.319 mmol), and piperidine (0.2 mL, 2.0 mmol) at room 
temperature, and the reaction mixture was stirred at reflux for 6 h. The residue was purified 
by silica-gel flash column chromatography (CHCl3 only → CHCl3/MeOH = 95/5) to give 
isobenzothiophene 78 (26.1 mg, 44.8%) as red solids. 
 
lactone 72 
1H NMR (CDCl3, 500 MHz) 0.93 (t, 6H, J = 7.5 Hz), 1.36 (sextet, 4H, J = 7.5 Hz), 1.55-1.61 
(m, 4H), 2.56 (t, 4H, J = 7.5 Hz), 6.34 (s, 1H), 6.95–7.07 (m, 12H), 7.37 (d, 1H, J = 7.5 Hz), 
7.54 (t, 1H, J = 7.5 Hz), 7.65 (t, 1H, J = 7.5 Hz), 7.94 (d, 1H, J = 7.5 Hz); 
13C NMR (CDCl3, 125 MHz) 13.9, 22.4, 33.6, 35.0, 82.9, 121.6, 123.0, 124.9, 125.5, 126.0, 
128.0, 128.2, 129.2, 134.1, 138.2, 144.8, 149.4, 149.6, 170.5; 
IR (ATR) 3027, 2955, 2928, 2857, 2251, 1765, 1603, 1506, 1465, 1319, 1281, 1210, 1177, 
1115, 1098, 1060, 1014, 959, 910, 830, 744, 733 cm–1; 




1H NMR (CDCl3, 400 MHz) 0.95 (t, 6H, J = 7.2 Hz), 1.38 (sextet, 4H, J = 7.2 Hz), 1.61 
(quintet, 4H, J = 7.2 Hz), 2.60 (t, 4H, J = 7.2 Hz), 7.08–7.20 (m, 12H), 7.59 (d, 2H, J = 8.8 
Hz), 7.73–7.87 (m, 6H); 
13C NMR (CDCl3, 100 MHz) 14.0, 22.4, 33.6, 35.0, 109.8, 118.9, 120.3, 121.9, 124.0, 125.0, 
125.5, 125.9, 128.8, 129.3, 129.5, 129.7, 132.6, 135.1, 135.9, 137.9, 138.3, 139.2, 144.8, 
148.3; 
IR (ATR) 3020, 2959, 2933, 2858, 2226, 1600, 1490, 1454, 1417, 1381, 1321, 1284, 1215, 
1179, 908, 834, 751, 734, 671 cm–1; 




1H NMR (CDCl3, 400 MHz) 0.95 (t, 6H, J = 7.2 Hz), 1.38 (sextet, 4H, J = 7.2 Hz), 1.61 
(quintet, 4H, J = 7.2 Hz), 2.60 (t, 4H, J = 7.2 Hz), 7.08–7.19 (m, 12H), 7.51 (d, 2H, J = 8.8 
Hz), 7.85–7.91 (m, 4H), 7.98 (d, 2H, J = 8.0 Hz), 10.05 (S, 1H); 
13C NMR (CDCl3, 100 MHz) 14.0, 22.4, 33.6, 35.1, 120.6, 121.8, 1219, 124.0, 125.0, 125.3, 
126.1, 128.8, 129.3, 129.7, 130.4, 131.1, 134.4, 135.2, 136.0, 137.7, 138.2, 140.8, 144.9, 
148.2, 191.4; 
IR (ATR) 3028, 2955, 2927, 2856, 2734, 1899, 1697, 1595, 1561, 1506, 1451, 1415, 1381, 
1320, 1283, 1213, 1181, 1167, 1117, 1016, 930, 827, 751 cm–1; 
HRMS (ESI) m/z calcd for C41H39NOS [M]+ 593.2752, found 593.2762. 
 
isobenzothiophene 78 
IR (ATR) 3416, 3018, 2958, 2928, 2857, 2219, 1699, 1622, 1590, 1507, 1454, 1395, 1339, 
1318, 1281, 1215, 1184, 1151, 1092, 1017, 933, 829, 799, 751 cm–1; 
HRMS (ESI) m/z calcd for C44H40N2O2S [M]+ 660.2810, found 660.2839. 
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Scheme 28. Preparation of isobenzothiophene 79 
To a solution of 2-formylbenzoate 8 (1.61 g, 9.81 mmol) in THF (32 mL) was 
added 4-s-butyl4-diphenylaminophenyl magnesium bromide (1.00 M in THF, 20.0 mL, 10.3 
mmol) at –40 ºC, and the reaction was stirred at room temperature for 4 h, the reaction was 
quenched with 1 M HCl. The products were extracted with EtOAc (×3), and brine, dried 
(Na2SO4), and concentrated in vacuo. The residue was purified by silica-gel flash column 
chromatography (hexane/EtOAc = 8/2) to give lactone 73 (3.28 g, 68.5%) as a white solid.  
To a solution of 4-cyanophenyllitium (1.00 M in THF, 13.0 mL, 3.67 mmol) was 
added 73 (1.50 g, 3.06 mmol) at –78 ºC, and the reaction was stirred at room temperature for 
4 h, the reaction was quenched with H2O. The products were extracted with EtOAc (×3), and 
brine, dried (Na2SO4). After the solvents were removed under reduced pressure to give the 
crude product. To a solution of crude product (2.31 g) in dichloromethane (10 mL) was added 
Lawesson’s reagent (616 mg, 1.52 mmol), the reaction was stirred for 10 min. The residue 
was purified by silica-gel flash column chromatography (hexane/CH2Cl2 = 5/5) to give 
isobenzothiophene 75 (1.26g, 69.6%) as red solids. 
To a solution of isobenzothiophene 75 (1.26g, 2.13 mmol) in CH2Cl2 (7.0 mL) was 
added diisobutylaluminium hydride (1.0 M in THF, 2.5 mL, 2.5 mmol) at 0 ºC, and the 
reaction was stirred at room temperature for 1 h. The reaction was reaction was quenched 
with 2 M NaOH. After further stirred for 10 min, the products were extracted with CH2Cl2 
(×3), and brine, dried (Na2SO4), and concentrated in vacuo. The residue was purified by 
silica-gel flash column chromatography (hexane/EtOAc = 5/5) to give aldehyde 77 (1.01 g, 
80.2%) as red solids. 
To a solution of aldehyde 77 (596 mg, 1.01 mmol) in CHCl3 (3.0 mL) was added 
cyanoacetic acid (259 mg, 3.01 mmol), and piperidine (0.2 mL, 2.0 mmol) at room 
temperature, and the reaction mixture was stirred at reflux for 6 h. The residue was purified 
by silica-gel flash column chromatography (CHCl3 only → CHCl3/MeOH = 95/5) to give 




1H NMR (CDCl3, 500 MHz) 0.83 (t, 6H, J = 7.0 Hz), 1.22 (d, 6H, J = 7.0 Hz), 1.57 (quintet, 
4H, J 
= 7.0 Hz), 2.55 (sextet, 2H, J = 7.0 Hz), 6.35 (s, 1H), 6.95–7.07 (m, 12H), 7.37 (d, 1H, J = 7.5 
Hz), 7.54 (t, 1H, J = 7.5 Hz), 7.65 (t, 1H, J = 7.5 Hz), 7.94 (d, 1H, J = 7.5 Hz); 
13C NMR (CDCl3, 125 MHz) 12.2, 21.7, 31.2, 40.0, 82.9, 121.7, 123.0, 124.9, 125.5, 126.1, 
137.8, 128.0, 128.2, 129.2, 134.1, 143.0, 144.9, 149.4, 149.6, 170.5; 
IR (ATR) 3027, 2959, 2927, 2871, 1763, 1602, 1506, 1464, 1376, 1316, 1281, 1211, 1178, 
1096, 1060, 1013, 996, 957, 829, 748, 705 cm–1; 
HRMS (ESI) m/z calcd for C34H35NO2Na [M+Na]+ 512.2565, found 512.2545. 
 
isobenzothiophene 75 
1H NMR (CDCl3, 500 MHz) 0.86 (t, 6H, J = 7.0 Hz), 1.25 (d, 6H, J = 7.0 Hz), 1.57–1.63 (m, 
4H), 2.58 (sextet, 2H, J = 7.0 Hz), 7.08–7.17 (m, 12H), 7.49 (d, 2H, J = 8.0 Hz), 7.73 (d, 2H, 
J = 8.0 Hz), 7.77 (d, 2H, J = 8.0 Hz), 7.81 (d, 1H, J = 8.0 Hz), 7.86 (d, 1H, J = 8.0 Hz); 
13C NMR (CDCl3, 125 MHz) 12.3, 21.7, 31.2, 41.1, 109.9, 119.0, 120.3, 121.85, 121.90, 
124.0, 125.0, 125.5, 125.9, 127.9, 129.0, 129.6, 129.8, 132.7, 135.1, 136.0, 138.0, 139.4, 
143.1, 144.9, 148.4; 
IR (ATR, cm–1) 2958, 2923, 2871, 2220, 1596, 1506, 1489, 1450, 1412, 1378, 1339, 1318, 
1272, 1199,1173, 1110, 1061, 1014, 957, 929, 826, 789, 744, 721;  
HRMS (ESI) m/z calcd for C41H38N2S [M]+ 590.2756, found 590.2738. 
 
isobenzothiophene 77 
1H NMR (CDCl3, 500 MHz) 0.87 (t, 6H, J = 7.5 Hz), 1.25 (d, 6H, J = 7.5 Hz), 1.55–1.64 (m, 
4H), 2.58 (sextet, 2H, J = 7.5 Hz), 7.08–7.17 (m, 12H), 7.50 (d, 2H, J = 8.5 Hz), 7.84–7.89 
(m, 4H), 7.96 (d, 2H, J = 8.0 Hz), 10.03 (s, 1H); 
13C NMR (CDCl3, 125 MHz) 12.3, 21.7, 31.2, 41.1, 120.7, 121.8, 121.9, 124.0, 125.0, 125.4, 
126.1, 127.9, 128.9, 129.7, 130.4, 134.5, 135.2, 136.0, 137.8, 140.9, 143.0, 144.9, 148.3, 
191.5; 
IR (ATR) 3029, 2958, 2925, 2871, 1695, 1593, 1562, 1505, 1450, 1413, 1378, 1317, 1280, 
1211, 1181, 1166, 1109, 1065, 1011, 957, 929, 823, 745, 719 cm–1; 
HRMS (ESI) m/z calcd for C41H39NOS [M]+ 593.2752, found 593.2762. 
 
isobenzothiophene 79 
1H NMR (CDCl3, 500 MHz) 0.80 (t, 6H, J = 7.2 Hz), 1.20 (d, 6H, J = 7.2 Hz), 1.52–1.59 (m, 
4H), 2.58 (sextet, 2H, J = 7.2 Hz), 7.00–7.24 (m, 12H), 7.58 (d, 2H, J = 8.5 Hz), 7.82–7.87 
(m, 3H), 7.93 (d, 2H, J = 8.5 Hz), 8.09 (d, 2H, J = 8.5 Hz), 8.13 (s, 1H); 
IR (ATR) 3430, 3028, 2958, 2925, 2871, 2220, 1620, 1587, 1506, 1450, 1389, 1374, 1315, 
1275, 1182, 1119, 1013, 930, 827, 788, 745 cm–1; 
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Scheme 30. Preparation of 2-formylbenzoate 87, 88 
 
Synthesis of 2-formylbenzoate 87: 
To a solution of 3,4-dibromothiophene 80 (15.1 g, 62.2 mmol) in Et2O (205 mL) 
was added NiCl2(dppp) (1.70 g, 3.13 mmol), and n-propyl magnesium bromide (1.88 M in 
Et2O, 100 mL, 188 mmol) at room temperature, and the reaction mixture was stirred at reflux 
for 2 h, the reaction was quenched with 2M HCl. The products were extracted with EtOAc 
(×3), sat. aq. NaHCO3, brine, dried (Na2SO4), and concentrated in vacuo. The residue was 
vacuum distillation (1.5 mmHg, 65-69°C) to give alkylthiophene 81 (7.82 g, 75%). 
To a solution of alkylthiophene 81 (7.80 g, 46.4 mmol) in chloroform (155 mL) 
was added 70% mCPBA (27.0 g, 109 mmol) at 0 °C, and the reaction mixture was stirred at 
room temperature 1 day, and the reaction was quenched with sat. aq. NaHCO3. The products 
were extracted with CHCl3 (×3), 10% Na2S2O3 aq. (×2), brine, dried (Na2SO4), and 
concentrated in vacuo. The residue was purified by silica-gel flash column chromatography 
(CHCl3 only) to give dioxide 83 (7.55 g, 81%). 
To a solution of dioxide 83 (7.54 g, 37.7 mmol) in o-dichlorobenzene (125 mL) 
was added acetylenediester (11.0 ml, 89.8 mmol) at room temperature, and the reaction 
mixture was heated to reflux and stirred for 5.5 h, and concentrated in vacuo. The residue was 
purified by silica-gel flash column chromatography (hexane/acetone = 9/1) to give diester 85 
(10.3 g, 98%). 
SDBBA was prepared by the following method. To a solution of sodium tert-
butoxide (1.13 g, 11.5 mmol) in THF (11 mL) was added DIBAL (1.0 M in hexane, 11.5 ml, 
11.5 mmol) at 0 ºC, and the reaction mixture was stirred at 0 ºC for 1 h. 
To a solution of 85 (2.00 g, 7.19 mmol) in THF (24 mL) was added SDBBA (18 
ml) at 0 ºC, and the reaction mixture was stirred at 0 ºC for 1 h, the reaction was quenched 
with 1M HCl. The products were extracted with EtOAc (×3), and brine, dried (Na2SO4), and 
concentrated in vacuo. The residue was purified by silica-gel flash column chromatography 






1H NMR (CDCl3, 300 MHz) 0.99 (t, 6H, J = 7.2 Hz), 1.65 (sext., 4H, J = 7.2 Hz), 2.49 (t, 4H, 
J = 7.2 Hz), 6.89 (s, 2H); 
13C NMR (CDCl3, 75 MHz) 14.1, 22.8, 30.9, 119.9, 141.9; 





1H NMR (CDCl3, 300 MHz) 1.03 (t, 6H, J = 7.6 Hz), 1.60 (sext., 4H, J = 6.2 Hz), 2.29 (t, 
4H, J = 6.5 Hz), 6.25 (s, 2H); 
13C NMR (CDCl3, 75 MHz) 13.7, 20.3, 29.9, 124.8, 147.3; 
IR (ATR, cm–1) 3087, 3074, 2957, 2931, 2874, 1752, 1631, 1561, 1463, 1423, 1378, 1279, 
1239, 1176, 1088, 911, 876, 791, 712; 




1H NMR (CDCl3, 300 MHz) 1.01 (t, 6H, J = 7.6 Hz), 1.62 (sext., 4H, J = 7.6 Hz), 2.63 (t, 4H, 
J = 7.6 Hz), 3.89 (s, 6H), 7.50 (s, 2H); 
IR (ATR, cm–1) 3439, 2957, 2933, 2871, 1725, 1609, 1560, 1456, 1434, 1395, 1379, 1295, 
1276, 1265, 1217, 1191, 1133, 1089, 1046, 1022, 973, 916, 834, 791, 768, 747; 





Synthesis of 2-formylbenzoate 88: 
To a solution of 3,4-dibromothiophene 80 (20.0 g, 82.7 mmol) in Et2O (140 mL) 
was added NiCl2(dppp) (1.34 g, 2.47 mmol), and n-propyl magnesium bromide (2.00 M in 
Et2O, 104 mL, 208 mmol) at room temperature, and the reaction mixture was stirred at reflux 
for 3.5 h, the reaction was quenched with 2M HCl. The products were extracted with EtOAc 
(×3), sat. aq. NaHCO3, brine, dried (Na2SO4), and concentrated in vacuo. The residue was 
vacuum distillation (3.0 mmHg, 97-127 °C) to give alkylthiopene 82 (8.43 g, 81%). 
To a solution of diarylthiopene 82 (8.43 g, 33.4 mmol) in chloroform (110 mL) was 
added 70% mCPBA (18.9 g, 76.8 mmol) at 0 °C, and the reaction mixture was stirred at room 
temperature 12 h, and the reaction was quenched with sat. aq. NaHCO3. The products were 
extracted with CHCl3 (×3), 10% Na2S2O3 aq., brine, dried (Na2SO4), and concentrated in 
vacuo. The residue was purified by silica-gel flash column chromatography (CHCl3 only) to 
give dioxide 84 (8.24 g, 87%). 
To a solution of dioxide 84 (2.04 g, 7.17 mmol) in o-dichlorobenzene (25 mL) was 
added acetylenediester (2.0 ml, 16.3 mmol) at room temperature, and the reaction mixture 
was heated to reflux and stirred for 5 h, and concentrated in vacuo. The residue was purified 
by silica-gel flash column chromatography (CH2H2 only) to give diester 86 (2.33 g, 90%). 
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SDBBA was prepared by the following method. To a solution of sodium tert-butoxide (1.36 
g, 14.2 mmol) in THF (14 mL) was added DIBAL (1.0 M in hexane, 14.0 ml, 14.0 mmol) at 0 
ºC, and the reaction mixture was stirred at 0 ºC for 1 h. 
To a solution of 86 (2.54 g, 7.01 mmol) in THF (20 mL) was added SDBBA (20 
ml) at 0 ºC, and the reaction mixture was stirred at 0 ºC for 1 h, the reaction was quenched 
with 2 M HCl. The products were extracted with EtOAc (×3), and brine, dried (Na2SO4), and 
concentrated in vacuo. The residue was purified by silica-gel flash column chromatography 
(hexane/EtOAc = 95/5) to give 2-formylbenzoate 88 (1.45 g, 62%). 
 
diester 86 
1H NMR (CDCl3, 300 MHz) 0.89 (t, 6H, J = 6.9 Hz), 1.26-1.42 (m, 12H), 1.52-1.62 (m, 4H), 
2.63 (t, 4H, J = 7.9 Hz), 3.89 (s, 6H), 7.49 (s, 2H); 
13C NMR (CDCl3, 75 MHz) 14.0, 22.6, 29.3, 30.8, 31.6, 32.5, 52.4, 129.2, 129.7, 144.3, 
168.4; 
IR (ATR, cm–1) 2952, 2926, 2856, 1727, 1609, 1560, 1457, 1434, 1378, 1293, 1214, 1191, 
1133, 1037, 973, 912, 791, 771; 




1H NMR (CDCl3, 300 MHz) 0.87-0.91 (m, 6H), 1.25-1.45 (m, 12H), 1.55-1.65 (m, 4H), 2.68 
(t, 4H, J = 7.8 Hz), 3.96 (s, 3H), 7.74 (s, 1H), 7.75 (s, 1H), 10.60 (s, 1H); 
13C NMR (CDCl3, 75 MHz) 14.0, 22.5, 29.3, 30.7, 30.8, 31.6, 32.6, 32.8, 52.5, 129.1, 129.4, 
131.3, 134.6, 145.8, 146.7, 167.0, 192.3; 
IR (ATR, cm–1) 2954, 2925, 2856, 1772, 1719, 1688, 1601, 1559, 1458, 1435, 1378, 1275, 
1223, 1192, 1137, 1054, 915, 853, 785, 725; 
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